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ABSTRACT 



Context. A new reduction of the astrometric data as produced by the Hipparcos mission has been published, claiming that the accu- 
racies for nearly all stars brighter than magnitude Hp = 8 are improved, by up to a factor 4, compared to the original catalogue. As 
correlations between the underlying abscissa residuals have also been reduced by more than an order of magnitude to an insignificant 
level, our ability to determine reliable parallaxes and proper motions for open clusters should be improved. 

Aims. The new Hipparcos astrometric catalogue is used to derive mean parallax and proper motion estimates for 20 open clusters. 
The HR-diagrams of the nearest clusters are compared and combined to provide future input to sets of observational isochrones. 
Methods. Three different methods are applied, according to the proximity of the cluster, to compensate, where needed, for projection 
effects, spread in position along the line of sight, and the internal velocity dispersion of the cluster stars. 

Results. The new parallaxes have accuracies between 2 and 2.5 times higher than what had been derived from the original Hipparcos 
catalogue. At least two to three groups of clusters, mostly of similar ages, are observed to each occupy their own specific space in 
the HR diagram. A significant discrepancy in distance moduli from those obtained with isochrone-based main-sequence fitting re- 
mains, in particular for one of these groups, containing the Pleiades, NGC 25 16, and Blanco 1. The difference in absolute magnitudes 
between this group and one containing the Hyades and Praesepe clusters appears to be correlated with systematic differences in the 
Stromgren Acq index between those groups. The same dependency has been known to exist for a long time, and is again confirmed 
by the Hipparcos data, in variations in absolute magnitudes for field stars of the same effective temperature. 

Conclusions. The positions of the cluster HR diagrams are consistent within different groups of clusters shown for example by the 
near-perfect alignment of the sequences for the Hyades and Praesepe, for Coma Ber and UMa, and for the Pleiades, NGC 2516, and 
Blanco 1. The groups are mutually consistent when systematic differences in Ac are taken into account, where the effect of these 
differences on the absolute magnitudes has been calibrated using field-star observations. 

Key words. Astrometry - open clusters and associations: solar neighbourhood 
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1. Introduction 

The data accumulated by the Hipparcos mission allowed for the 
determination of large numbers of accurate a bsolute-parallax 
measurements for nearby stars dESAl Il997t IPerrvman et alj 
1997t Ivan Leeuwenll2007bl) . The new reduction (Ivan Leeuwenl 
2007ah 



2007a!) (VL7B from hereon), for example, provides some 27 000 



stars with parallaxes known to better than 10 per cent, and 
over 10 000 known to better than 5 per cent. One of the 
many things learnt from this mission is the relatively large in- 
trinsic spread in luminosities, even among stars which appear 
very similar in spectral type and photometric colour indices. 
An examination of G8V and K0V stars, for example, showed 
an intrinsic dispersion of 0.4 in absolute magnitudes for stars 
of the same colour index B - V (VL7B). A smaller, but still 
very significant, level of spread in absolute magnitu d es is a lso 
observed for stars which were selected by iNicoletl d 198 lh to 
be very similar in colour indices within the Geneva photo- 
metric system, the so-called photometric boxes (VL7B). Such 
a spread contrasts markedly with the very narrow main se- 
quences observed for the best-studied and nearest open clus - 
ters, the Hyades dP erryman et aL 1998b iM adsen et al. 2002), 
Pleiades (Mitc hell & Johnson! 119571; Ivan Leeuwen et"al] Tl986) 
and Praesepe dCrawford & Barneill969al) . The ability to super- 
impose the HR diagrams of such clusters on the HR diagram 
of the nearby stars, using parallax-based distance moduli rather 



than isochrone fitting, could provide quantitative information on 
some of the dependencies that cause the observed spread among 
the absolute magnitudes of apparently very similar field stars. 
Predictions on those dependencies are available from theoreti- 
cal isochrones as based on a combination of models of stellar 
structure, stellar evolution and stellar atmospheres. However, ob- 
servational evidence is required to test and eventually validate 
such models. The possibility of doing so has been hampered by 
the difficulty to determine with sufficient accuracy the parallaxes 
of star clusters. Even with the release of the Hipparcos data in 
1997, some questions were left, most noticeably because of cor- 
relations between the errors on the underlying data from which 
the astrometric parameters for the clusters had been obtained. 
Doubts have in particular been raised on the effect that small 
areas of the sky with concentrations of bright stars may have 
locally on the measured parallaxes. 

The new Hipparcos reduction has improved this situation in 
two ways: the error-correlation level on the underlying data has 
been reduced to an insignificant level, and the formal accura- 
cies for most stars, and in particular the brighter stars, have been 
significantly improved. Both of these improvements have been 
made possible through a detailed study of the satellite dynamics 
and incorporating the findings of that study in the reconstruction 
of the along-scan attitude, which provides the reference frame 
for all the Hipparcos astrometric measurements. A potential 
weakening of the overall rigidity of the reconstructed catalogue. 
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which may be caused by small areas with many bright stars, 
has also been dealt with. This so-calle d "connectivity" issue 
has been explained further in VL7B and Ivan Leeuwenl (l2007bl) 
(VL7V from hereupon). Given these improvements in both for- 
mal errors and overall reliability of the data, a renewed analy- 
sis of cluster parallaxes seemed very needed, not least as an ap- 
parent discrepancy for the Pleiades parallax as determined from 
the Hipparcos data has been used on sever al occasions to al- 



legedly demonstrate errors in that catalogue (Pinsonneault et al. 


1998 


; Soderblom et al. 


19981 iPan et all [20041 IZwahlen et alj 


2004 


; Southworth et al. 


2005; Soderblom et al. 2005). The rea- 



sons used in those papers to explain the Hipparcos results should 
be unreliable for the Pleiades cluster, such as error correlations 
and poor connectivity, have been eliminated by the new reduc- 
tion (VL7B, VL7V). 



For the open clusters studied here we make a few basic as- 
sumptions. The first is that all cluster- member stars share the 
same space motion, have the same age and originate from the 
same chemical composition "cloud". The stars are bound to the 
cluster, which means they will have a small internal dispersion 
in their velocities, decreasing towards the halo of the cluster. 
However, in particular the older clusters also tend to be sur- 
rounded by a wider halo of escaped former cluster members, 
which can complicate membership determinations. Furthermore, 
some of the youngest clusters can not easily be distinguished 
from fairly accidental concentrations in OB associations, and 
may not always be bound. However, in all cases the assumption 
of a shared overall velocity and distance has been applied. 

The determination of astrometric parameters for clusters 
poses different problems as well as possibilities depending on 
the distance of the cluster. For the nearest cluster, the Hyades, 
the group is effectively three-dimensionally resolved, while its 
proximity causes it to cover a relatively large area (about 35 
degrees diameter) on the sky. This creates the possibility of 
using the proper motions of individual cluster members to re- 
solve the cluster along the line of sight. Intermediate-distance 
clusters can not be resolved this way, but astrometric studies 
still need to take into account projection effects on the proper 
motions, and a dispersion along the line of sight in the paral- 
laxes of the individual cluster members. In defining the mem- 
bership and determining the mean proper motion, the internal 
velocity dispersion also has to be taken into account, though 
this will often not be available as an independent measurement. 
Beyond about 250 pc, the dispersion of the parallaxes result- 
ing from the finite size of the cluster becomes small with re- 
spect to formal errors on the measured parallaxes of the individ- 
ual stars, and the same applies to the proper motion accuracies 
and the contribution from the internal velocity dispersion. The 
stars in these clusters can be treated as all having effectively 
the same parallax and proper motion, which can then be de- 
rived directly from a combined solution of the underlying data. 
Th is is the combined-abscissae m ethod that was first presented 
bvlvan Leeuwen & Evansl (|1998l). and app l ied fo r all clusters by 
Ivan Leeuwenl dl999al) and Robich on et alj dl999b . In those stud- 
ies, however, the emphasis was on compensating for the error 
correlations in the underlying data, as well as in the proper com- 
bination of the two data streams that were used to create the 
old catalogue. These complications no longer apply when using 
of the new catalogue to derive astrometric parameters for open 
clusters. 

This paper has been organized as follows. Section|2]presents 
a summary of the data, with particular emphasis on its use in 
deriving star-cluster astr ometric parameters. S ection [3] reviews 
briefly attempts made by Makarov (2002, 2003) of applying cor- 



rections to the original Hipparcos astrometric data in the context 
of cluster-parallax determinations. Section |4]presents the differ- 
ent techniques applied to clusters at different distances. Section|5] 
presents an overview of other, isochrone independent distance 
modulus determinations for open clusters, and in particular in- 
troduces Hipparcos data to determine accuracies of these meth- 
ods. This is followed by Section|6] where the results for individ- 
ual clusters within 250 pc are presented, and Section|7]for clus- 
ters between 250 and 500 pc. In Section[8]the new set of distance 
moduli as derived from the parallaxes is compared with a range 
of earlier determinations, and the HR-diagram positions of clus- 
ter main sequences as obtained through ground-based photome- 
try are compared. Section|9]briefly summarizes the space veloc- 
ities of the clusters as derived from the new parallax and proper 
motion data. Finally, Section [10] presents conclusions from the 
current study. 

2. The Hipparcos data 

This section provides a summary of those aspects of the 
Hipparcos data that are of direct relevance to determining astro- 
metric parameters for open clusters. For a more detailed descrip- 
tion of the reductions that led to the new catalogue the reader is 
referred to VL7B, while VL7V provides a report on the valida- 
tion tests applied to the data in the new catalogue. 

The Hipparcos data originate from two fields of view, sep- 
arated by a basic angle of 58 degrees, approximately scanning 
the sky along great circles. The transiting images seen through 
the two fields of view were projected on the same focal plane. 
The Hipparcos astrometric data have been derived from transit 
times over a modulating grid in this focal plane. Through the 
reconstruction of the along-scan attitude, these transit times are 
translated to scan phases. In the original reductions these scan 
phases are projected and measured on a reference great circle, 
with one such circle defined for each orbit (10.6 h period) of the 
satellite. The abscissae provided thus refer to a mean over all ob- 
servations of a star over that period of time. These observations 
will therefore generally contain the combined information from 
between one and 8 transits of the field of view. In the new re- 
duction the abscissae provided refer to individual field of view 
transits and are measured relative to the instantaneous scan di- 
rection. This allows for an improved recognition of faulty mea- 
surements, which usually are specific to just one field-of-view 
transit, and the ability to correct for small-scale grid distortions 
as a function of the across-scan coordinate. 

W ith respect to the data presented in the first catalogue (ESA 
11997b . a number of very significant changes and overall im- 
provements have been made. All improvements stem form the 
way the along-scan attitude is modelled, and how dynamic pe- 
culiarities of the satellite motion have been taken into account. 
There were two peculiarities in the satellite motion that were 
known but the extent and effect of which had been underesti- 
mated in the original reductions: (1) hits by very small particles, 
causing rotation-rate discontinuities, and (2) discrete satellite- 
non-rigidity events due to temperature changes affecting at least 
one of the solar panel mountings, causing so-called "scan-phase 
discontinu ities". In the original re ductions by t he two consor- 
tia, FA ST dKovalevskv et al.ll 19921) and NDAC dLindegren et all 
1992), these events were left mostly unrecognized and effec- 
tively smoothed over. This caused locally strongly correlated 
errors in the reference frame as created by the along-scan atti- 
tude reconstruction, as well as a non-Gaussian noise added to 
the abscissa measurements. The consequences of this "smooth- 
ing over" were made worse still by the use of the great-circle re- 
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Fig. 1. Top: Abscissa-error correlation level (p) for all field- 
transit abscissa residuals (FTARs) with formal errors below 
6 mas, as a function of separation along the scan direction. 
Bottom: Coincidence fraction c of field-transit measurements as 
a function of separation on the sky. The coincidence data are 
based on a random selection covering 10 per cent of all single 
stars in the new catalogue, (from VL7V) 



ductio n method (Ivan der Marel 1988; van der Marel & Petersen! 
1 1992b . which referred all measurements over a 10.6 hour pe- 
riod to projections on a single reference great circle. This was 
initially needed in order to deal with the relatively large er- 
rors (compared to the Hipparcos target accuracies) on the a 
priori astrometry provided by the Hipparcos Input Catalogue 
dTuron et alj|1992t |ESA||1992I) . The great-circle reduction pro- 
cess caused multiple replication of local attitude errors. The 
effects of a local scan-phase discontinuity could therefore be 
felt at many different positions on the reference great circle, all 
separated by an integer number times the basic angle between 
the two fields of view. A furth er and more detailed analysi s 
of these effec t s can b e found in Ivan Leeuwen & Evansl (Il998l) . 
Ivan Leeuwenl d2005al) and VL7B. 

In the new reductions the peculiarities in the dynamics of 
the satellite have been incorp orated fully in the attitude model 
(Ivan Leeuwen & Fantino 2003). The great-circle reduction pro- 
cess has been replaced by a global iter ative solution, similar t o 
what is planned for the Gaia mission (lO'Mullane et al J 12007). 
The iterations are between the reconstruction of the along-scan 
attitude and the construction of the star catalogue, both using the 
abscissa residuals as input data. A calibrated set of instrument 
parameters provides the link between the two systems. The re- 
sult is a reduction in the overall noise level for the reconstructed 
along-scan attitude by about a factor five, and a reduction of the 
abscissa-error correlations by at least an order of magnitude. In 
the new reduction, the error-correlation level for field-transit ab- 
scissae has been examined by VL7V (Fig. [I). Even for relatively 
bright stars, correlation levels stay in all but the most extreme 
cases well below 0.1. To see how these error correlations may 
accumulate to correlated errors in the astrometric parameters of 
neighbouring stars, th e coincidence factor has been introduced 
(I van Leeuwenlll999bl) . Considering the scan of a single field of 




Fig. 2. Correlations (p) in the differences between the parallax 
determinations in the old and new solutions as a function of stel- 
lar separation on the sky ((p, in degrees). The figures show how 
initially the catalogue still tries to fit to the original 1997 cat- 
alogue, and correlations are small. After several iterations the 
memory of the original catalogue is lost and the correlations in 
the original catalogue become fully visible. By iteration 12, this 
process has stabilized, and memory of the "errors" in the origi- 
nal catalogue has been effectively lost. The upper curve in each 
figure is the situation for the final iteration. A comparison with 
the abscissa correlations (Fig. [TJ shows clearly that the s ource 
of the se correlations is entirely in the original reduction (lESAl 
fl997b . 



view as contained within a single full rotation of the satellite, the 
coincidence factor determines how often the measurements of 
two stars are contained within the same scan, as a fraction of the 
total number of scans for each star. This fraction drops rapidly as 
a function of the separation of the stars on the sky, as can be seen 
in the lower graph of Fig. Q] Any correlations between astromet- 
ric parameters for neighbouring stars would have to be the result 
of the combined effects of the abscissa-error correlations and the 
coincidence fraction. Given the low level of the correlations and 
the small range of the coincidence factors, no significant level of 
correlation is expected for the astrometric parameters of neigh- 
bouring stars in the new reduction. Similarly, a comparison be- 
tween the new and the old reduction exposes the correlations in 
the astrometric parameters for the old reduction. Following these 
correlations as iterations for the new solution proceeded showed 
how gradually the memory of the old solution was lost (Fig. [2]). 

The reduction of about a factor five in the noise level on the 
reconstructed along-scan attitude leads to a significant improve- 
ment in the formal errors on the parallax determinations for the 
brighter stars. In the published catalogue these accuracies were 
set by the reconstructed-attitude noise, while in the new reduc- 
tion they are limited by primarily the photon noise on the ab- 
scissa data. For some of the brightest stars, this has resulted in 
accuracy improvements by up to a factor five. Also the relia- 
bility of the formal errors is much improved, as the errors on 
the field-of-view transit data can be directly related to the inte- 
grated photon count of the underlying measurements. Small cor- 
rections to the formal errors were derived and applied according 
to the across-scan position of a transit in the field of view, and the 
colour index of the star, in particular affecting the very red stars. 
Altogether, the new reduction provides a significant improve- 
ment in accuracy as well as overall reliability of the Hipparcos 
astrometric data, all of which should benefit the determination 
of astrometric parameters for open clusters. 
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3. Corrected Hipparcos data? 

At this point it is worth noting the work done by Valeri Makarov 
on trying to remove the correlated errors caused by problems in 
the attitude modelling f rom the abscissa residuals a s presented 
in the 1997 reduction dMakarovl 120021. I2003L 120061). This cor- 
rection was based on an idea first presented by Ivan Leeuwenl 
( 1999b), which mainly focussed on the issue of connectivity be- 
tween the two fields of view, and how this can be affected by 
the presence of locally dense groups of bright stars. The idea 
is that if such a group, like the core of the Pleiades cluster, is 
dominating the information for the attitude reconstruction, then 
if the astrometric data for this group of stars contains system- 
atic errors, these errors would also reflect in the abscissa mea- 
surements for stars measured simultaneously with the Pleiades 
stars, but in the other field of view. By then examining the ab- 
scissa residuals of such measurements, one may be able to detect 
these systematic errors in, say, the Pleiades field. A simple test 
on the abscissa residuals of stars that shared some measurements 
this way with the Pleiades showed, however, that the unit weight 
standard deviation of the residuals for coinciding measurements 
was in fact slightly smaller th an for the non-coinciding measure- 
ments ( Ivan Leeuwenlll999bT) . In other words, there is no signal 
contained in those residuals. The reason that Makarov was still 
able to produce a different parallax for the Pleiades cluster based 
on such data is that the coinciding stars tend to be much fainter 
than the Pleiades stars, and add substantial amounts of photon 
noise to the "corrected" data. The actual correction factor and 
other criteria as used by Makarov were quite arbitrary (see also 
Ivan Leeuwenl2005bT) . and, combined with the photon noise con- 
tributions, could be adjusted to provide an expected result. The 
new reduction has taken care of the attitude modelling effects 
Makarov was trying to adjust, and it has done so in the only cor- 
rect way, i.e. by re-analysing in detail the satellite dynamics and 
implementing this in an iterative solution. The results from the 
new reduction therefore effectively supersede the earlier results 
obtained by Makarov, even when these appear to give a "more 
correct" (that is, as expected by some) result. 



4. Techniques for determining the astrometric 
parameters 

In this section we look at techniques used to extract astromet- 
ric parameters for open clusters under different conditions of 
observing. First a set of exact relations is derived, followed by 
a first-order approximation, and finally the combined-abscissae 
method, as used for distant clusters, is recalled. 

4.1. Exact solution 

We define a fiducial reference point which we associate with the 
centre of the cluster. Its position vector with respect to the Sun is 
defined as R, which can be expressed in, for example, equatorial 
coordinates as: 



R =R 



cos a cos 6 
sin a cos 5 
sin 5 



(1) 



Similarly, the velocity vector R can be expressed as: 





cos a cos 6 


- sin a 


- cos a sin 6 ' 
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sin a cos 6 


cos a 


- sin a sin 5 




Racos 6 




smd 





cos 6 




R6 



(2) 



where the coefficients on the right relate to the observed radial 
velocity V ra( j and proper motion (fi at ,fi s ): 



R 



Racos 6 = k 
R6 — k 



Vrad 



m 

Us 



(3) 
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sin or; cos 5j 


sin (5, " 








- sin a. 


COS Qfj 





R, 






- cos a/ sin 5j 


- sin a, sin <5, 


cos 5j 





Here k = ', and is the transformation factor from 

1 mas yr~' at 1 kpc to 1 km s _1 . As was introduced with the 
release of the Hipparcos catalogue, we use fi at = jj a cos 6. 

What we are interested in is how the proper motions for clus- 
ter members will vary as a result of position in the cluster. For 
this purpose we include Eq.[3]in Eq.|2]and invert it to give 



(4) 



where the index "/" has been added to indicate reference to dif- 
ferent positions in the cluster, with i = being the values for the 
assumed cluster centre. We now write Eq.|2]and Eq.|3]as 

R = A ' v , (5) 

where v = {V la i, Kfi„ / m, fi$ /-or), and similarly Eq|4]as 

v; = AiR = A,A ' v , (6) 

which fully describes the relation between the observed compo- 
nents of the space velocity as a function of position on the sky 
and distance of the star. 



4.2. Convergent point 

The velocity vector of the cluster points to a position referred to 
as the convergent point: 



R =R 



cos a c cos 5 C 
sin a c cos 6 C 
sin S c 



(7) 



The common cluster- velocity components of all cluster member 
proper motions point towards this convergent point. The position 
of the convergent point depends on the actual velocity vector, of 
which one component, the radial velocity, is measured directly, 
and the other component, the proper motion, is scaled with the 
parallax of the cluster. Therefore, its determination on the sky 
allows for a measurement of the cluster distance. This is the tra- 
ditional method used for determining the distance of the Hyades 
cluster. With the accuracies available in the Hipparcos data, this 
is no longer the best method available for the Hyades, but still the 
same effects can be put to use in different ways, to learn about 
the spatial distribution in the cluster. 

Equation [4] can be rotated such that the proper motion is 
aligned with the direction of the convergent point, by multiply- 
ing it left and right by the matrix 



1 

cos if/ sin if/ 
- sin if/ cos if/ 



(8) 



where if/ = aictan(fis^ p /fj. mtP ). The additional index "p" shows 
that the proper motion used here is predicted, based on the as- 
sumed space velocity of the cluster and the position of the star 
on the sky. This rotation then creates the predicted proper mo- 
tion direction towards the convergent point. Applying the same 
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rotation to the observed proper motion gives the observed proper 
motions in the direction of the convergent point and perpendic- 
ular to it. The rotation also needs to be applied to the errors and 
error-correlation level for the proper motions. The length of the 
observed proper motion vector in the direction of the convergent 
point is a measure of the distance of the star, given the assumed 
distance of the cluster centre. The predicted value for the perpen- 
dicular component is zero. The observed perpendicular proper 
motion components can therefore be further investigated for the 
internal velocity dispersion of the cluster. A rotation of the ob- 
served proper motions to the direction of the convergent point 
and a re-scaling as described abov e, provides so-called reduced 
proper motions ( Ivan Altenal fl966), which are useful for mem- 
bership recognition in the Hyades cluster. 

4.3. First-order approximation 

For clusters more distant than the Hyades, the differences be- 
tween the stellar coordinates and those of the cluster centre are 
sufficiently small to be approximated in the relevant trigonomet- 
ric functions. Thus, we develop the matrix A, in Eq.|6]as 



AA «9A . <9Ao 



(9) 



where Acr,- = a,- - ao and Ac), = 5j - do- Substituting Eq. [9] in 
Eq.|6]gives 



AV; = V; - V 

The two matrix products give 
5A 



— Act/ + — ASi V v o- 
oa do 



A-i 

da A() 



and 

3d A ° 



cos do 
- cos c5o sin do 

-sinc5 ( ) 









1 











1 









(10) 



(11) 



(12) 



The first-order corrections for the proper motions and radial ve- 
locities of cluster members as a function of position on the sky 
are thus given by 



AV r ad,i 

where 



Aff,- cos do + AOj , 



C7<) 



a I ■ c ^rad,0W() 

Ac,- [pi S o sin 8q cos 



So), 



-Aa,- fx a% o sin do - Ad, 



mo 



V m ±Q Wo 



(13) 



Apia* i — f*a*,i f*a,0 
THo 

&H6,i = f*6,i 1*6,0- 



Using Act = tzr,- - mo, this can be written as 

A - ( - \ 

t^l*a*,i ~ f*a*,0 \f*a*4 /^Qr*,0/s 

■UJ 

Af*6,i ~ f*6,0 + (Ms,i-(*8,Q)- 

m 



(14) 



(15) 



When the proper motion is large and the cluster is relatively 
nearby, the first term on the right will create an additional proper 
motion dispersion along the direction of the cluster proper mo- 
tion. This effect is referred to as the relative secular parallax 
(Ivan Leeuwenlll983h . In the extreme case of the Hyades cluster, 
the proper motions can provide precise measurements of Am,. 
The precision of these determinations is ultimately limited by 
intrinsic noise on the proper motions that results from the inter- 
nal motions in the cluster. The range within which the above ap- 
proximations can be used is set by the amplitudes of the proper 
motion and radial velocity, relative to the formal errors on the 
measured proper motions. 

When combining the astrometric data of different cluster 
members, the formal errors and parameter correlations need to 
be taken properly into account. There are additional noise con- 
tributions to the proper motions from the internal velocity disper- 
sion and to the parallaxes from the finite size of the cluster. The 
main catalogue for the new reduction provides for each solution 
the upper triangular matrix U with which the astrometric param- 
eters are to be multiplied when combining data from different 
stars. This multiplication normalizes the errors on the parame- 
ters. In fact, the inverse of the matrix U is a square root of the 
noise variance matrix N: 



N ; - = u; 1 ■ (Ur 1 ) 7 



(16) 



To this we have to add the "cosmic" noise contributions from 
the parallax and proper motion dispersions. The parallax disper- 
sion is derived from the typical positional spread of stars in an 
open cluster, for which a value of o> = 3 pc is assumed. The 
transformation to a dispersion on the parallax is given by 



mo 



ro ' 



(17) 



Thus, as a cluster becomes more distant, this effect rapidly looses 
significance. Even for the Pleiades the effect is small, at about 
cr m ~ 0.2 mas. 

The additional noise on the proper motions originates from 
the internal velocity dispersion, which has a typical value of 
cry « 0.8km s~' in the cluster centre, and the relative secular 
parallax, for which the contributions are described by Eq. Q3] 
In detail, both contributions depend on the projected distance 
from the cluster centre, reflecting the space density distribution 
of the cluster. In a cluster like the Pleiades both effects are of or- 
der 1 mas s _1 , but for most other clusters the effects are smaller 
to much smaller. The contribution to the noise matrix for the 
parallax and proper motion measurements as due to the actual 
distance of a cluster star is given by 



— o~, 



2 Ma«.0 
2 Ms 



'A k ) 



V7,P W 

r 2 / gg^tffto \ 
™>P\ ml ) 
\2 



fay 



(18) 



where cr m tP represents the dispersion in parallaxes as caused by 
the spread in distances along the line of sight for cluster mem- 
bers (Eq.[P71i. The noise contribution from the internal motions 
is simply given by 



N„ 





o-l 



(19) 





where a m is the internal proper motion dispersion resulting 
from the internal velocity dispersion. The total noise as applica- 
ble to the parallax and proper motion of a cluster member when 
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considering its contribution to the cluster parallax and proper 
motion is given by the sum of the three matrices: 



1 -.T 



(20) 



Multiplication by the upper-triangular matrix W, of the equa- 
tions and observations for each cluster member, describing the 
corrections to a common cluster parallax and proper motion, pro- 
vides a set of fully normalized observation equations that can be 
solved for in a least squares solutions. 



4.4. Distant clusters 

For distant clusters, where the formal errors on the proper mo- 
tions and parallaxes of the individual members are significantly 
larger than the corrections described above, the cluster param- 
eters may be derived from a combined analysis of the abscissa 
residuals for the member stars. Thus, we repeat the astrometric 
parameter solutions for the cluster stars, but now solve for a sin- 
gle proper motion and parallax for all cluster members. 

In order to make this common-parameter solution possible, 
the abscissa residuals for stars involved need to be re-calculated, 
to provide residuals relative to a chosen reference parallax and 
proper motion, which can be seen as the first estimate of the 
cluster parallax and proper motion. The abscissa residual for ob- 
servation "/' of star "i" as provided in the epoch astrometry file 
in VL7B is represented by day. A vector z, represents the cluster 
parallax and proper motion, and similarly z c the reference values 
for the cluster. The corrected abscissa residuals are then given by 

da' u = day + ( Zi - z c ) ■ (21) 

The initial choice for z c does not affect the linear solution for 
the astrometric parameters, which includes positional correc- 
tions for each star and a single parallax and proper motion for 
all stars together. The advantage of solving for the cluster pa- 
rameters in this way is the decrease in degrees of freedom for the 
solution. This allows for a better recognition of outliers among 
the measurements and thus a potentially more robust solution. 
To compensate for abscissa-erro r correlations, as was described 
bv lvan Leeuwe n & Evans] d 1998b . is no longer required using the 
new reduction data. Neither is there a need to combine the data 
from two partly correlated reductions. The process of deriving 
cluster parameters this way has become significantly simpler and 
because of that also more reliable, as any of the correlation cor- 
rections that had to be applied for processing the data from the 
1997 release was also a source of uncertainty in the estimates of 
the astrometric parameters and their formal errors as derived for 
the clusters. 

5. Some ground-based distance modulus or 
parallax determination methods, independent of 
isochrone fitting 

In this section three methods that have been used for isochrone- 
independent cluster-distance determinations are reviewed by in- 
corporating the new Hipparcos data. Some of the methods de- 
scribed below derived or used relations between observed pa- 
rameters (generally photometric colour indices) and physical pa- 
rameters of the observed stars, using stars with ground-based 
parallaxes, or open clusters and their assumed distances, for cal- 
ibration. The uncertainty has been in distinguishing the error 
contributions from the calibration objects (such as the measured 



0.05 0-1 0-2 

Parallax (HIP, arcsec) 

Fig. 3. A c omparison betwee n the ground-based parallax values 
as used by ICrawfordl d 1975b and parallaxes for the same stars 
as obtained from the new Hipparcos reduction. The compari- 
son shows a systematic difference of 3.4 mas and a noise on the 
ground-based parallaxes of 10 mas. 



parallax) from the cosmic noise on such calibrations. The inde- 
pendent absolute parallaxes obtained from the Hipparcos data 
allow for an assessment of these noise levels. 

5.1. Crawford's calibrations of the Stromgren photometric 
system 

Here an overview is presented on a set of calibrations that 
have been (and are still) used for luminosity calibrations based 
on Stromgen photometry. A more recent cal i bratio n (but still 
pre-Hipparcos) is also available dJordi et al.l 1 1997b . but con- 
cerns more the calibration of relations between specific in- 
dices, and recognizes that there are significant uncertainties 
in empirical photometric luminosity calibrations. First calibra- 
tions incorporating the Hipp arcos data have been pr esented by 
iDomi ngo & Figueras ( 1999) for late A-type stars and lJordi et al.l 
(2002) on preliminary results for F, late A and B type stars. 

The empirical calibration of absolute magnitudes through 
observations in the Stromgen photometric system by Crawford 
was done in three stages, on the F type stars using the Pleiades, 
a Per and Coma Ber for establishing calibration slopes, and 
nearby st ars with ground -based parallaxes for zero-point deter- 
mination (ICrawfordll 19751). on th e B-type stars (ICrawfordll 19781) 
and A type stars dCrawfordl 19791) using distances of the Pleiades 
and a Per as determined through the F-star calibration. Thus, ul- 
timately, the zero point of the calibration of the system rests on 
the ground-based parallaxes of 17 nearby F-type stars, while the 
slopes has been determined by means of the combined data from 
open cluster stars. 

As the ground-based parallaxes used by Crawford had 
relatively large error s, he applied a Lutz-Kelker correction 
dLutz & Kelker|[T973h to compensate for the bias in the derived 
distance moduli and thus the absolute magnitudes. Such cor- 
rections are provided for 48 of the 51 stars. Using the new 
Hipparcos parallaxes, the Lutz-Kelker correction is not needed, 
as parallax errors are for nearly all stars below 1 per cent. The di- 
rect comparison between the parallaxes (Fig. [3} shows a system- 
atic difference of romp - roGB = — 3 .4 ± 1 .4 mas, and a noise level 
on this selection of ground-bas ed parallaxes of 10.3 mas. Very 
similar results were obtained bv lJordi et al.l d2002l) based on the 
1997 reduction of the Hipparcos data. There it was also shown 
that the mean offset for the nearest stars, as used by Crawford, 
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the correction was still larger, at -5 mas. A comparison between 
the absolute magnitudes as given by Crawford before (Mv(ct)) 
and after the Lutz-Kelker correction (My (cor)) and those derived 
using the new Hipparcos parallaxes (Mv(HIP)) gives the follow- 
ing results: 



Table 1. Comparison between absolute magnitude calibrations 
for different mean values of /3. 



Mv(HIP) - MvO) = 0.090 ±0.041, 
Mv(HIP) - My(cor) = -0.093 ± 0.041, 



(22) 



where in the first solution the noise level was determined as 
0.29, and in the second solution as 0.31 magnitudes. The off- 
set in the first solution is caused entirely by the systematic dif- 
ferences of 3.4 mas between the ground-based and Hipparcos 
parallaxes. After applying the correction for the systematic off- 
set in the ground-based parallaxes, the observed difference is a 
(rounding-off) residual of -0.013 ± 0.041 magnitudes before ap- 
plication of the Lutz-Kelker correction. The latter "correction" 
seems to do no good to the data, possibly because corrections 
of this kind are derived for, and are strictly only applicable sta- 
tistically to groups of stars with the same relative errors on the 
measured parallaxes. The relation between the absolute magni- 
tude, H/3 and Aci is now given by 



Mv(HIP) = (3.965 ±0.046)- (1.545 ± 0.101) d/3 
+ (1.43 ± 0.26) d/3 2 - (11.3 ±0.7) Ac , 



(23) 



where d/3 = 10 • (H/3 - 2.64), and for these nearby stars the 
reddening has been assumed zero (Aco = Ac\). The slope for 
Aci is effectively the same as determined by Crawford, both 
from using field stars and from an application to NGC 752, 
where the turn-off for the main sequence is found in the F- 
star region. The latter confirmed the relation between Acq and 
the surface gravity, logg. An alte rnative solution was ma de in 
which the data for the Pleiades dCrawford & Perry||1976l) and 
a Per dCrawfor d & Barnes 1973) was incorporated, with two ad- 
ditional terms to account for the distance moduli of these clus- 
ters, but with Aco = 0, as was also done by Crawford in his 
determination of the distance moduli of those clusters. This gave 
the following solution: 



Mv(HIP) = (3.958 ±0.041)- (1.668 ± 0.076) 6/3 
+ s(0.92± 0.18) d/3 2 - (10.5 ±0.6) Ac , 



(24) 



and a nominal distance modulus for the Pleiades of 5.621 ±0.058 
(against 5.54 found by Crawford) and for a Per of 6.045 ± 0.061 
(6.1 found by Crawford). However, what is important here is 
that even after application of Eq. [24] the remaining uncertainty 
on My for the field stars is still 0.20 magnitudes (compared to 
0.29 magm. in Crawford's original calibration, and 0.25 mag. in 
Jordi's calibration), while for the cluster stars alone the remain- 
ing noise is significantly smaller, at around 0. 14 magnitudes. The 
distance moduli found here for those two clusters make the as- 
sumption that the stars in those clusters are most like the average 
field star, but as long as the source behind the variation of the 
field-star magnitudes has not been quantified, this assumption 
has little meaning. The actual uncertainty in the distance moduli 
for the two clusters is therefore likely to be significantly higher, 
and should provisionally be put at 0.20 magnitudes. 

In the solution to Eq.|23]also dependencies on Amo and cross 
terms of Acq and /3 were tested, but the result was not signifi- 
cant. The parame t er Amp is correlated with abundance variation s 
dNisserJll970blat iGustafsson & Nissenl H97l ICrawfordlfT975l) . 
which suggests that such variations are not a significant contri- 
bution in the remaining spread in absolute magnitudes. Table Q] 
shows the results of applying Eq.|24]to the mean /3 values derived 



p 


M c (ct) 


M c (cor) 


M C (HIP) 


2.604 


4.77 ± 0.23 


4.64 ± 0.22 


4.677 ± 0.044 


2.631 


4.21 ± 0.25 


4.03 ± 0.26 


4.115+0.038 


2.648 


3.92 ± 0.30 


3.69 ± 0.30 


3.830 + 0.043 


2.671 


3.69 ± 0.52 


3.43 ± 0.58 


3.529 + 0.050 


2.711 


3.53 ±0.12 


3.33 ±0.17 


3.237 + 0.087 



The first three columns are from lCrawfordl j 19751) 

The final column from the current paper, using the least squares 

solution that provided the coefficient in Eg. 1241 



by Crawford for the five intervals he used for his analysis. The 
My values derived from the new analysis differ by up to 0.14 
magnitudes from the values derived by Crawford for M c (cor). 

Conclusions on the Crawford calibrations are the following. 
The systematic errors on the ground-based parallaxes for the cal- 
ibration stars were partly offset by the Lutz-Kelker correction, 
which by itself does not seem to do any good to the data. The 
Crawford calibration can, as a result be offset by up to 0. 14 mag- 
nitudes. However, the remaining noise level for the calibration 
standards is much larger than what would be caused by measure- 
ment inaccuracies. It may be partly caused by duplicity, in which 
case the zero point of the calibration is also affected. When de- 
riving distances of individual objects or star clusters using this 
calibration, this noise needs to be accounted for in the final accu- 
racy figure until it can be quantified and related to independent 
observed parameters. For the calibrations of the A and B stars 
there are now available large numbers of calibration stars with 
well determined parallaxes, which should replace the current ex- 
trapolation based on the F stars and cluster distances derived 
therefrom. This concept is further evaluated in Section [A] For 
the current paper the important aspect is the difference between 
the determination precision, usually quoted as accuracy, for the 
cluster-distance determinations, and the actual accuracy, which 
also takes into account the observed cosmic spread intrinsic to 
the calibration relation. 

5.2. Photometric boxes in the Geneva photometric system 

The method of the photometric boxes is based on the hypothe- 
sis that if two stars have nearly the same colours or derived pa- 
rameters, then they will also have nearly the same physic al and 
atmospheric p roperties ( Nicoletl[l98lt ICreze et alJfl98 0). This 
was applied by |Nicolel dl98 1 ) to photometric data in the Geneva 
system for determining the distance moduli of 43 open clusters. 
The comparisons in the boxes were done directly between stars 
with ground-based parallax determinations and cluster stars, al- 
ways sharing the same boxes. The accuracies for these paral- 
laxes were still a major factor in these calculations, which can 
now be eliminated by substituting those data with the Hipparcos 
results. What can be measured is the difference in apparent mag- 
nitude between cluster members and parallax stars sharing the 
same photometric boxes. In the original solution two compati- 
ble noise sources had to be accounted for, the uncertainty of the 
measured parallaxes and the uncertainty in the hypothesis stated 
above. Using the Hipparcos parallaxes, the uncertainty in the hy- 
pothesis dominates fully. Nicolet estimated this to be at a level 
of 0.3 magnitudes. 
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Table 2. Data from lNicoletl ( fl98"l for the cluster NGC 752. 1 



Id 


HD 


HIP 




vj (mas) 




Am 


88 


160915 


86736 


56 


65 


±0.24 


6 


834 


123 


109085 


61174 


54 


70 


±0.17 


6 


815 


139 


139664 


76829 


57 


35 


±0.16 


6 


957 


235 


7439 


5799 


42 


76 


±0.30 


6 


165 


259 


22001 


16245 


46 


12 


±0.13 


6 


565 


266 


22001 


16245 


46 


12 


±0.13 


6 


430 


273 


43318 


29716 


26 


89 


±0.31 


5 


727 


273 


201772 


104738 


30 


34 


±0.34 


5 


987 


304 


70958 


41211 


37 


57 


±0.33 


6 


188 


401 


4813 


3909 


63 


48 


±0.35 


6 


876 


402 


189245 


98470 


47 


06 


±0.41 


6 


295 


401 


191862 


99572 


36 


10 


±0.41 


6 


079 


401 


196378 


101983 


40 


55 


±0.27 


7 


032 


402 


40136 


28103 


67 


21 


±0.25 


7 


144 


403 


193307 


100412 


32 


24 


±0.47 


6 


144 


403 


221356 


116106 


38 


29 


±0.54 


5 


820 


414 


198188 


102762 


17 


11 


±0.88 


4 


759 


416 


88742 


50075 


43 


77 


±0.41 


6 


459 


416 


210918 


109821 


37 


57 


±0.33 


6 


186 


428 


104731 


58803 


39 


49 


±0.28 


6 


420 


430 


221356 


116106 


38 


29 


±0.54 


5 


905 


432 


23754 


17651 


56 


73 


±0.19 


7 


115 



The identifier in column 1 comes from a proper motion study of 
this cluster by Ebbi ghausenl ( 1939). 

The identifiers in columns 2 and 3 apply to the comparison star. 
Column 4 gives the parallaxes from the new Hipparcos reduction. 



The de t ailed data for one cluster, NGC 752, are provided 
by iNicolel d 198 lh . They are partly reproduced here in Table [2] 
together with the new parallax data. Based on these data, an es- 
timate of the distance modulus for the cluster can be obtained: 



dm =10-5 log m + Am + s, 



(25) 



where s is the error on Am, which was estimated by Nicolet to 
have a <x value of 0.3 magnitudes, and has now been determined 
to be around 0.27 to 0.28 magnitudes. The (photometric) dis- 
tance modulus is determined as 8.25 + 0.06. However, this is 
assuming that NGC 752 in its photometric properties behaves as 
the average of the comparison stars. In this respect, a star cluster, 
with its own very narrow distribution of luminosities, would be 
the equivalent of a single field star, and could itself in principle 
be anywhere within the Am distribution. 

The photometric boxes method could be explored further 
though. Using the now much more extensive volume of pho- 
tometric data and the Hipparcos parallax information for many 
of these stars should allow for a much closer examination of the 
differential effects within these boxes, and the way these may be 
related to luminosity variations. This in turn could lead the way 
to an improved photometric calibration of distance moduli for 
distant star clusters. 

5.3. Differential parallax determinations with the MAP 

Before starting the analysis of the Hipparcos data for the open 
clusters, it is worthwhile to investigate the results obtained with 
differential (small-field) parallax measurements, in particular 
those obtained with the Multichannel Astromet ric Photometer 
(MAP) (see for example iGatewood et all 1 19901) and Hubble 
Space Telescope, both of which use the same techniques to cal- 
ibrate from measured relative to estimated absolute parallaxes. 




10 100 
Parallax (Hip, mas) 



Fig. 4. Differences between MAP-based and Hipparcos paral- 
laxes for 71 stars. The error bars contain the contributions of 
the formal errors on the Hipparcos parallaxes and the precisions 
as given for the MAP data. 



Of particular interest are those results obtained before the re- 
lease of the Hipparcos catalogue, as these provide the most likely 
measurements not biassed by an assumed outcome. A compar- 
ison of this kind was done by iGatewood et alj ([1998) using the 
first release of the Hipparcos catalogue, where it was noticed 
that an additional noise component was present, but the origin 
and amplitude was not specified. Ground-based parallax mea- 
surements obtained mostly with the MAP were found for a to- 
tal of 7 1 stars that have also data entries in the new Hipparcos 
catalogue. The errors as given for those measurements are ex- 
plained by Gatewood as being precision rather than accuracy, 
and this becomes quite clear when examining the statistics of the 
differences with the Hipparcos measurements, shown in Fig. [4] 
Without adding absolute-calibration noise, the weighted mean of 
the differences and associated standard deviation are given by 



(AM) 
o-AM 



-0.501 
2.425. 



(26) 
(27) 



With correct weights, the expected value for the standard de- 
viation equals 1.0. Adding a noise contribution to account for 
calibration uncertainties to the precision reduces the unit-weight 
standard deviation. A value close to 1 .0 is reached when adding 
a calibration noise of 2.37 mas: 



(AM) = -0.114 
o-AM = 1.002 
<x((AM)) = 0.333. 



(28) 
(29) 
(30) 



The added noise should be regarded as an average over the stud- 
ies included here, and may well vary significantly depending on 
sources available for calibration. However, it seems unlikely that 
these parallaxes will have absolute accuracies any better than at 
best 1.5 to 2.0 mas. The source of this calibration uncertainty is 
likely the generally small number of calibration stars available 
and the large intrinsic spread in absolute magnitudes within ei- 
ther an interval in colour index or a spectral class. For the present 
paper, these results are important when comparing the Hipparcos 
results with MAP-based parallax determinations for the same 
clusters. 
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6. Nine clusters and a moving group within 250 pc 

In this section the results for clusters within 250 pc are pre- 
sented. In order of derived distance, these are the UMa mov- 
ing group, the Hyades, Coma Ber, Pleiades, IC 2602, IC 2391, 
a Per, Praesepe, NGC 2451 and Blanco 1. NGC 2451, how- 
ever, does not correspond to the group of stars th at was origi- 
nally given this designation dRoser & Bastian 1994). The cluster 
identified as Cr 359, assigned bv lLoktin & Matkinl d 19941) a dis- 
tance within the same range, has been rejected, as it does not 
show from the Hipparcos dat a in either proper mo tion or distri- 
bution on the sky (see also [Robichon et all 1 1999b . The indica- 
tions within the Hipparcos data for th e existence of a c luster at 
170 pc in Ophiuchus, as suggested by Mamajek (200^), are too 
weak. 

In all cases where HR diagrams are presented, mean red- 
dening corrections for the clusters have been applied accord- 
ing to what appears from the consulted literature to be a reli- 
able estimate. In all cases these corrections are small. No indi- 
vidual corrections for the differential reddening in the Pleiades 
and a Per, or to data of individual field stars, have been applied. 
Corrections for metallicity variations have not been applied. For 
the small variations shown by the clusters examined here, there 
is no observational confirmation of significant luminosity varia- 
tions with varying metallicity (see further SectionlAli. 

6.1. The Hyades 

A major study of the Hyades cluster as based on the firs t 
Hipparcos catalogue was presented by iPerrvman et all (Il998l). 
and fu rt her studies ba s ed on the sa me data by IMadsen et alj 
d2000l) . IMadsen et alj d2001l) and Ide Bruiine etaTI d2001l) . 
Differences between the results of these studies show one of the 
problems associated with most open-cluster studies, the statis- 
tical variations in results due to the relatively small number of 
member stars available, further complicated by uncertainties of 
membership. Combined with different selection criteria, results 
can look sometimes even significantly different. A major com- 
plication for the Hyades cluster, as well as other similar clusters, 
is the apparent presence of a halo of stars "evaporated" from the 
cluster. These can easily disturb estimates of the distance, space 
velocity and internal velocity dispersion of a cluster. 

Based on the new reduction the Hyades cluster member- 
ship was reassessed, and similarly the internal dispersion in the 
proper motions as a function of the projected distance to the 
"centre" of the cluster, where it should be understood that in a 
loosely bound, and not very rich cluster like the Hyades, the cen- 
tre is not very well defined. The position of the projected centre 
was assumed to be (in the ICRS) 



o-o = A h 26'", 
6 = 16° 54'. 



(31) 
(32) 



The catalogue has been searched for potential Hyades members 
within a radius of 18.54° from this position. Furthermore, the 
distance from the Sun for the cluster centre was assumed to be 
46.7 pc. Within this area on the sky, stars with parallax values 
were selected such that 



16.2 mas < (m ± 3cr m ) < 31.5 mas, 



(33) 



or between 31.6 and 61.7 pc distance from the Sun. The chosen 
limits imply that a complete sphere with radius 15 pc around the 
assumed cluster centre is covered. A total of 270 stars were thus 
selected. The reduced proper motions of the selected stars were 
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Fig. 5. Reduced proper motions in the selection field for the 
Hyades cluster. In this diagram, \i x and \i y represent the proper 
motion in the direction of the convergent point and the perpen- 
dicular direction respectively. The concentration of stars around 
(-115,0) (in red) are the cluster members. The distribution is 
stretched out in [i x due to the significant effect of the cluster 
depth. This information is used to determine differential posi- 
tions in the cluster along the line-of-sight 



then examined for further membership selection. The reduced 
proper motions (Fig.|5]l describe the observed proper motions as 
the components towards, and perpendicular to, the convergent 
point of the cluster, and corrected for the angu lar separation from 
the convergent point (Section [4. 2\ (see also Ivan Altenal lT966). 
Based on the reduced proper motions 150 stars were selected as 
probable members (one additional star, HIP 20895, was rejected 
based on a comparison between the measured parallax and the 
kinematic distance). Figure [6] shows these stars and their extrap- 
olated displacements over the next 100 000 years that would re- 
sult from the observed proper motions. The mean space velocity 
relative to the Sun for the selected stars has been derived from 
the observed parallaxes and proper motions only, applying Eq.|4] 
in a least-squares solution, and is found to be 





-5.99 




0.25 


R = 


44.73 


± 


0.61 




4.93 




0.14 



km s 



(34) 



with a unit-weight standard deviation of 1 .86. The latter is a clear 
indication that the observed proper motions are significantly af- 
fected by internal motions. As a result, the formal errors on the 
proper motions are insufficient for representing their actual noise 
level. The formal errors on the input data to the solution do in- 
clude the errors on the measured parallaxes. 

The space velocity, together with the observed proper mo- 
tions and their covariances can be used to derive, by means of 
Eq. [6j the kinematic (relative) parallaxes for the cluster mem- 
bers. The advantage of this for the Hyades cluster stems from 
the relatively large proper motion, combined with small formal 
errors, and can clearly be seen when comparing the error esti- 
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Fig. 6. Map of the selected 150 Hyades stars, showing the current 
positions (points to the right of each line) and those extrapolated 
by 100 000 years (left-side points) 
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Fig. 7. Comparison between the formal errors on the distance 
moduli for the Hyades stars as measured directly through par- 
allaxes (dots) and as derived from the space velocity and the 
observed proper motions (crosses). 



mates on distance moduli derived from the measured and kine- 
matic parallaxes (Fig.|7]i. The mean parallax of the selected stars 
was calculated from the kinematic parallax estimates, and af- 
ter projecting their distances onto the line-of-sight for the clus- 
ter centre, to avoid any (though quite small) projection-induced 
bias. The value thus obtained is 



WHyad = 21.53 ±2.76 (+0.23) mas, 



(35) 



where the first error shows the standard deviation, representing 
the spread of stars in the cluster. The formal errors on the mea- 
surements hardly contribute to this value, being overall much 
smaller. The second error in Eq.[35]gives the error on the mean. 
Thus, based on the error on the mean, the weighted mean dis- 
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Fig. 8. The Hyades HR diagram for 150 probable members, us- 
ing distance moduli for individual stars as based on kinemati- 
cally derived parallaxes. 



tance of the 150 plausible Hyades members selected here is 
46.45 + 0.50 pc, which is equivale nt to a distance modul us of 
3.334 + 0.024. The determination bv lPerrvman et alJd 19981) gave 
a distance of 46.34 ± 0.27 pc, based on a somewhat different se- 
lection of stars and reduction methods. 

For the current study, the most important result is the posi- 
tion and shape of the Hyades HR diagram, representing an ob- 
served isochrone for stars of a specific age and chemical com- 
position. The comparison between the diagrams as derived us- 
ing the observed or the kine matic parallaxes has been shown on 
various previous occasions (Madsen 1999: iMadsen et al.ll2000t 
Ide Bruiine et al.ll2001l) and VL7B, so here is shown only the di- 
agram using the distance moduli for individual stars as based on 
their kinematic parallaxes (Fig. [8). Clear from this figure is the 
narrow and well-defined main sequence, as well as the scattering 
of double stars up to 0.75 mag above it. 

6.2. Coma Ber and UMa 

Coma Ber is a sparse cluster at high galactic latitude, consid- 
ered olde r than the Pleiades and youn ger than the Hyades and 
Praesepe. Cra wford & Barnesl dl96 9b) derived a distance mod- 
ulus of 4.5 for this cluster, and showed in the same paper the 
results for a small number of members of the core of the UMa 
moving group, which have characteristics very similar to the 
Coma Ber cluster. For this group a distance modulus of 1.8 is 
stated. Both distance determination s used the calibrat ions of the 
parameters c\ and /3 as presented by Stromgren ( 1966). T hat cal - 
ibration is in fact based on the one presented by Fernid i 1965b . 
who used open cluster data for w hich distances h ad bee n derived 
from on UBV photometry by iJohnson et alj d!961l) . Among 
those clusters was Coma Ber, for which a distance modulus of 
4.5 was given. All distances given in that paper were tied-in to a 
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Fig. 9. A tangential projection of the distribution on the sky for members of the clusters Coma Ber (top left), Pleiades (top right), 
Praesepe (bottom left) and a Per (bottom right). The coordinates are in radians, relative to the assumed cluster centre. 



distance of 40 pc for the Hyades, which we now know should be 
16 per cent larger, at 46.45 pc. It is therefore reasonable to as- 
sume that the distance and distance-moduli estimates based on 
this material may have been underestimated. It would in fact be 
more surprising if they were correct. 

There are few independent distance determinations for 
Coma Ber. Based on the so-called photometric boxes in the 
Geneva photometric system, and thereby effectively calibrating 
the clus t er dist ance on ground-based parallaxes of nearby stars, 
iNicoletl dl981l) derived a distance m odulus of 4 76 + 0.15. A 
differential parallax determination by Gatewoodj (1 19951) gave a 
value of 4.34 + 0.09 for the distance modulus. This is an internal 
error, and considering the discussion in Section 1531 an error of 
the order of 0.3 to 0.4 magnitudes for the abso lute value may 
be more realistic. Based on UBV photometry. ICameronl (fl985) 
derived a distance modulus of 4.6 5, while a more recent p hoto- 
metric distance determination by Pinso nneault et al.1 (fl998) gave 
a value of 4.54 + 0.04. The parallax determinations using the 
first release of the Hi pparcos data gav e values of 4.70 + .04 
dRobichon et alJI 19991) and 4.77 + 0.05 (Ivan Leeuwenlll999al) . 

Eight members of the UMa group were analyzed for the 
present paper, with individual parallax accuracies in the new 
Hipparcos reduction between 0.14 and 0.41 mas, or relative er- 
rors betwe en 0.35 and 1.0 per cent. The selected stars are from 
the list of ICrawford & Barnesl dl969bl) (only those with sin- 
gle five-parameter astrometric solutions), including HD 113139 
(HIP 63504). The average distance modulus for these stars as 
derived from the new Hipparcos catalogue is 2.016 +0.05 1, plac- 
ing this group about 10 per cent further away than was derived 



by ICrawford & Barnesl d!969bl) . The main reason for includ- 
ing these stars in the present paper and in connection with the 
Coma Ber cluster is the similarity in age between the two groups. 
The UMa stars are not examined with the cluster-analysis tools 
shown in Section[4] but rather as individual stars, taking full ad- 
vantage of the high relative accuracies of the individual paral- 
laxes. 

A selection of 27 cluster members has been used for deter- 
mining the parallax and proper motion of the Coma Ber cluster. 
There may be two or three more possible members of Coma Ber 
in the Hipparcos catalogue, but these deviate either in proper 
motion or in parallax by more than what could be expected from 
the formal errors. Excluding these stars had only an insignifi- 
cant effect on the final results. Deriving the astrometric param- 
eters for this, as well as the remaining clusters in this Section, 
has been done through an examination of the astrometric pa- 
rameters as provided for the individual member stars in the new 
catalogue. The proper motions have been corrected for the dif- 
ferential projection effects described by Eq. [13] using a radial 
velocity as specified in Table [5] -1.2 km s _1 . The cluster mem- 
bers are spread sparsely over an area with a diameter of about 
7.5 degrees on the sky (Pig. [9]>. Data correlations therefore did 
not play a major role when the parallax was derived using the 
1997 catalogue, and it is thus not surprising that the results 
from the new reduct ion confirm and signifi cantl y strengthen the 
origin al findings by Ivan Leeuwenl d!999al) and [Robichon et al.l 
(1 19991) . The distribution of the parallaxes and their formal er- 
rors is shown in Fig. [10] The summary data for Coma Ber 
are presented in Table [4] The parallax for Coma Ber is deter- 
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Fig. 10. The distribution of the parallaxes against their formal errors for the clusters Coma Ber (top left), Pleiades (top right), 
Praesepe (bottom left) and a Per (bottom right). The central vertical line represents the mean parallax as determined in each cluster 
based on members identified in the Hipparcos catalogue. The black lines on either side show the 1 cr error level, including the 
internal distance dispersion for the cluster. The outer grey lines similarly represent the 2 cr level. This display of the data should best 
allow the reader to evaluate the consistency of the measured parallaxes for the member stars in each cluster. 



mined as 11.53 + 0.12 mas, which implies a distance modulus 
of 4.691 + 0.023. Thus, the same increase of 10 per cent in dis- 
tance as obser ved for the UMa group wit h respect to the deter- 
minations by ICrawford & Barnes! dl969bl) . Considering the cal- 
ibration noise for ground-based differential parallaxes as deter- 
mined in Section IB~3l the Hipparcos value is in good agreement 
with the determination by iGatewoo d (1995). There is a good 
agreement, too, with the values derived by iNicoleil d 198 lb and 
ICamerorJ d 1985b . The only m arginally significan t disag reement 
is with the determination by Pin sonneault et al.l d 1998b . which 
differs by 3.4cr. The HR-diagram for Coma Ber is shown in 
Fig. QT| together with the results for the UMa stars and those 
obtained earlier for the Hyades cluster. At the parallaxes deter- 
mined here, the HR diagrams of Coma Ber and the UMa group 
accurately overlap, but are slightly sub-luminous ( 0.15 mag.) 
with respect to the Hyades. 



6.3. The Pleiades 

More than any other result from the Hipparcos mission, the par- 
allax estimate for the Pleiades cluster has been causin g con- 
troversy (iPinsonneault et all Il998t iNaravanan & GouklT l999: 
van Leeuwen 1999a b; Robichon et al. 1999; Stello & Nissen 
200U iPercival et al.ll2003t iPan et al.ll2004 IPercival et alj|2005l; 
Soufhworth et al] 120051: Ivan Leeuwenl l2005bt lAn et al.l 120071 
Valls-Gabaudll2007l)~ In many ways this has been highly bene- 
ficial, as it has stimulated research projects on the Pleiades. In 
total there have been at least 15 attempts to determine the paral- 
lax or distance modulus of the Pleiades since the publication of 
the Hipparcos data in 1997. It has also been one of many reasons 



to continue with a further detailed analysis of the Hipparcos data. 
With the results of a wide range of studies now available, includ- 
ing the new Hipparcos determination, the solution may not as yet 
have been identified, but the discrepancy between different ap- 
proaches has become clearer, and will undoubtedly be resolved 
in the near future. As has been announced on a few earlier occa- 
sions (Ivan Leeuwenl 120081) . the new reduction of the Hipparcos 
data did not change significantly earlier estimates for the cluster 
parallax. 

The Pleiades cluster c overs an area on the sky of about 9 
to 10 degrees in diameter (Ivan Leeuwenl 19801 fl9 83). which is, 
contrary to statements made by lAn et al] (120071) . much larger 
than the e rror-correlation scale length for the 1997 Hipparcos 
catalogue (Ivan Leeuwenlll999bl) . In that area, the Hipparcos cat- 
alogue contains about 57 members of the cluster, but only 53 of 
these can be used for determining the cluster parallax. The par- 
allax determinations for the remaining 4 stars may be disturbed 
by duplicity or orbital motion. Figure [9] shows the distribution 
on the sky of the selected stars. The distribution of parallax mea- 
surements and their formal errors is shown in Fig. \W\ with re- 
spect to the measured parallax of 8.32 + 0.13 mas (distance mod- 
ulus 5.40 + 0.03), as an internally consistent distribution of data 
points. In the new reduction, these data points are essentially un- 
correlated (VL7B, VL7V). From the examination of the parallax 
zero point in the new catalogue (VL7V), there is no reason to 
suspect that all parallaxes in the catalogue are offset by anything 
more than the offset-detection limit of about 0. 1 mas. A compar- 
ison between the Pleiades parallax determination as presented 
above and some of the many determinations presented in the lit- 
erature over the past 30 years looks, at first sight at least, alarm- 
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Fig. 11. The HR diagrams for Coma Ber (left), Pleiades (centre) and Praesepe (right), shown as full dots in each diagram. The 
Hyades stars are shown in the background as open circles. In addition. The Coma Ber diagram also shows the UMa stars (crosses), 
the Pleiades diagram shows the Coma Ber stars as crosses, and similarly for the Pleiades stars are shown in the Praesepe diagram. 



Table 3. Summary of distance modulus determinations for the 
Pleiades over the past 30 years. 



Reference 


DM 


O" 


Type 


A 


An et al. (2007) 


5.66 


0.05 


1 


0.03 


Soderblom et al. (2005) 


5.63 


0.02 


3 


0.00 


Percival et al. (2005) 


5.63 


0.05 


1 


0.00 


Southworth et al. (2005) 


5.71 


0.07 


2 


0.08 


Zwahlen et al. (2004) 


5.61 


0.05 


2 


-0.02 


Munari et al. (2004) 


5.61 


0.03 


2 


-0.02 


Pan et al. (2004) 


5.65 


0.03 


2 


0.02 


Stello & Nissen (2001) 


5.61 


0.03 


1 


-0.02 


Gatewood et al. (2000) 


5.59 


0.12 


3 


-0.04 


Narayanan & Gould (1999) 


5.58 


0.18 


4 


-0.05 


Pinsonneault et al. (1998) 


5.63 


0.03 


1 


0.00 


Giannuzzi (1995) 


5.61 


0.26 


1 


-0.02 


van Leeuwen (1983) 


5.57 


0.08 


1 


-0.06 


Nicolet (1981) 


5.73 


0.06 


1 


0.10 



Column 4 gives a code for the type of determination: (1) photomet- 
ric; (2) binary star; (3) differential parallax; (4) convergent point. 
Column 5 gives the difference from the weighted mean value of 
5.63. 




-0.4 -0.2 0.2 0.4 

magn. 

Fig. 12. Distribution of determinations (since 1997) for the 
Pleiades distance modulus and its standard error (other than 
those directly derived from the Hipparcos data). The distribution 
of the data points strongly suggests the presence of correlations 
between the different measurements. The central line represents 
the mean value of 5.63, the black diagonal lines on either side 
the lcr, and the grey diagonal lines the 2<x error level. 



ing. Table|3]gives a summary for those not-Hipparcos-based ob- 
servations. A couple of determinations have been left out on pur- 

I 1 ■ i I I ; 1 1 

pose: by Gatewood et al. ( 1990) (superseded by Gatewood et al. 
2000); by Makarov (2002h (sup erseded by Ivan Leeuwenl[2 007a, 
an d by the present paper); by iFox Machado et al] d2006l) and 
bv ICameronl (1 19851) . where no formal error is given; and by 
IChenl(ll999h. which contained serious flaws in the methods used 
(see also iRobichon etal]fT999l) . The remaining papers do not 
provide independent observations either, which becomes clear 
when examining their spread with respect to the quoted errors. 
Taking only those determinations published after the publica- 



tion of the Hipparcos data in 1997 (as shown in Fig. [T2l . the 
weighted mean and standard deviation for 1 1 observations are 
determined as 5.63 and 0.58 respectively. The latter value should 
be close to 1.0 instead. When applying a more realistic formal 
error to the differential parallax measurements, as described in 
Section 15.31 th e uncertainti e s on th e di stance-modulus d e termi- 
nations bv Ibatewood et al.1 d2000l) and ISoderblom et al.1 (120051) 
are likely to be seriously underestimated (finding exactly the 
"expected value" does not mean that the standard deviation as- 
sociated with the measuremnent is small), which would further 
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lower the unit-weight standard deviation for the these observa- 
tions. 

Of the external measurements, those based on photometry 
only do not constitute independent measurements of the distance 
modulus, but rather a fitting to a set of models. Completely inde- 
pendent determinations are needed to verify these models. There 
are only four sets of such observations available: 



1 . The co nvergent point determination by Nara yanan & Gouldl 
(1999 ), which has a high error associated with it (see also 
iLindegren et al.ll2000l:lvan Leeuwenll2005bl) : 

2. The differential parallax measurements, for which the uncer- 
tainties in the calibration to absolute values have been seri- 
ously underestimated; 

3. One binary system w ith radial velocity m easurements and an 
astro me trie orbit bv lZwahlen et al.l (120041) ; 

4. The Hipparcos-data based parallax, derived from the mea- 
surements of 53 cluster members spread over some 50 square 
degrees on the sky. 

The only meaningful discrepancy with the Hipparcos result (at 
3.6cr) is between the results for this one binary star, when its 
parallax is interpreted as the parallax of the cluster. It drops to 
below 3<x when also the uncertainty of the position of the star 
within the cluster is accounted for. It should be noted that for 
the data on the individual star in question, there is no significant 
discrepancy with the Hi pparcos data. 



It has been stated by Soderblom et al. (1998), and re-iterated 
bv lStello&Nissenl d200ll) and lAn et al.l (120071) that at the par- 



allax found from the Hipparcos data for the Pleiades cluster, the 
cluster members will occupy an area of the HR diagram in which 
no field stars, or more specifically no field stars that are assumed 
to be young, are found. This is not the case, as field stars con- 
tained in the Hipparcos catalogue are observed in the area occu- 
pied by the Pleiades. This is shown in Fig. [13] where the Pleiades 
are compared with the data for field stars with parallax accura- 
cies better than 7 per cent. For those stars reddening corrections 
tend to be very small. At all areas covered by the Pleiades HR 
diagram field stars are also found. A detailed study of those stars 
occupying the same region would be of interest. 

There are additional pr oblems in the comparis on with the 
active solar-type stars in ISoderblom et al.l (119981) . The first 
is that this type of activity as observed in the Pleiades is 
restri cted to stars of spectral type later than about K2 t o 
K3 (Ivan Leeuwen & AlphenaaJl9 82; van L eeuwen et al.lll98~7l) . 
Observing similar activity among the more massive solar-type 
stars indicates an age for those stars considerably lower than the 
Pleiades age. They would therefore be expected to be found in 
or near star-forming regions, most likely as members of OB as- 
sociations. However, most of these stars are not linked to clus- 
ters or associations. As a consequence, they do not have an in- 
dependently assessed age. The "young" ages assigned to these 
stars is almost entirely based on interpretation of their activity 
(ISoderblom et al.lfl998T) . 

The difference between the distance moduli of the Hyades 
and the Pleiades does not require an explanation in terms of 
metallicity. As is shown in AppendixlAl the observed differences 
in luminosity, when accepting the Hipparcos-based parallaxes, 
are reflected in systematic differences in the photometric indices 
B - U and Stromgren C[ for F-type stars in the same way as what 
is observed for a large sample of field stars. 

The summary data for the Pleiades are shown in Table |4] 
and a comparison between the HR diagrams of the Pleiades, 
Coma Ber and the Hyades is presented in Fig. QT| Clearly visi- 
ble in this figure is the difference in slope of the HR diagram for 



Fig. 13. The HR diagram for the Pleiades (full dots) superim- 
posed on the HR diagram for field stars with parallax accuracies 
better than 7 per cent. The distance modulus applied is the value 
of 5.40 magnitudes derived in the present study, and the applied 
reddening is E(B - V) = 0.04. 



the Hyades and the Pleiades over the colour range 0.0 to 0.5 in 
B - V. 



6.4. Praesepe 

The Hipparcos data for Praesepe is relatively poor due to the 
closeness of the cluster to the ecliptic plane. Membership is not 
a major problem for this cluster. Figure [9] shows a the map of the 
24 Praesepe members included in the Hipparcos catalogue. The 
area covered by the cluster is about 4°5 in diameter. The parallax 
measurements for the selected stars are shown in Fig. [10] The 
accumulated information on the cluster can be found in Table|4] 
The distance modulus as derived from the new Hipparcos reduc- 
tion is, a t 6.30 ± 0.07 effectively identical to one determined by 
lAn et al.1 d2007l) (6 33 ± 0.04) and fully consistent with the value 
derived by iPercival et alj (120031) (6.24 + 0.04, using (V - I) c 
data). It is larger, bu t not s ignificantly, than the value of 6.15 
derived by Cameron] d 1985b from UB V data, and the value of 
6. 10 ± 0. 1 8 derived bv lNicoletl dl98lb using photometric boxes. 
Also within the same range is t he value derived from differ - 
ential parallax measurements by dGatewood & de Jongd [l994). 
6.42+0.33. These results, in a way, mostly reflect the very strong 
similarity between the Hyades and Praesepe clusters. As shown 
in Fig. QT| the HR diagrams of the two clusters closely overlap 
when distance moduli are determined using the Hipparcos as- 
trometric data. This is as expected, given the difference of 3.03 
magnitudes in distance modulus, as derived from the parallax 
measurements, between the Hyades and Praesepe. This is very 
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Fig. 14. Distribution of the proper motions for the selected mem- 
ber stars in the a Per cluster. 



close to the value of 3.0 which has been used in the past to deter- 
mine photometrically the distance of t he Praesepe cluster with 
respect to the Hyades (see for example Upg ren etaTII 19791) . 



6.5. a Per 

In its distribution on the sky (Fig. |9j, a Per resembles more a 
small remnant of an OB association than a bound open clus- 
ter. Still there is a very clear clustering in proper motion space 
(Fig. fT4l) and a well-defined HR diagram for the stars se- 
lected on proper motions. The Hipparcos catalogue contains 
50 stars for which the membership is probable to very likely, 
providing a well-defined proper motion and parallax for the 
group (see Table |H). The r a dial velocity for this cluster was 
taken from Petrie & Hear 1 (119691) as -1.6 km s , which is 
based on the measurements of 77 stars in the field of the clus- 
ter. One star should be noted here in particular, HD 22192 
(HIP 16826, 4/ Per), w hich was considered as a non member by 
Petrie & Heard! d 19691) . and also as a possible non-member by 
Abtl (Il978l) . but which star is found to have a well determined 
proper motion and parallax that are very close to the mean clus- 
ter values, and which therefore has been considered as a high- 
probability member in this study. The observed spread i n the r a- 
dial velocities of this star as reported by Petr ie & Heard! d 19691) is 
larger than would be expected on the basis of the errors assigned 
to the 10 individual observations. In addition, the mean value 
quoted for the radial velocity of this star indicates that a straight 
(not weighted) mean was used, in which case the radial velocity 
found is -5.0 + 2.5 km s _1 . For the weighted mean a value of 
-3.1 ±2.6 km s _1 is found, which is fully within the range of the 
mean cluster radial velocity. It is unclear how Petr ie & Heard! 
(1969) found an error on the mean of 1 .7 km s 1 for what ap- 
pears to be the un-weighted mean. But why pay all this attention 
to one star? As a member of the a Per cluster it is its brightest 
B star by more than 0.5 magnitudes, and as such it can play an 
important role in the determination of the age of this system. The 
distribution of radial velocities indicates in addition that it could 
be an orbiting binary star. 

Compared to the dist ance-modulus va l ues de rived from the 
19 97 Hipparcos data by iRobichon et all d 19991) (6.40 + 0.08) 
or Ivan Leeuwen! d!999ah (6.31 ± 0.08), the new determination 
(6.18 ± 0.03) brings it closer to other, all pho tometric , deter- 
minations. As an exam ple, the value given by Dambisl |l999) 
is 5.94 + 0.05, and bv IPinsonneault et all d 1998b it is given as 



6.23+0.06. The differences with the two earlier Hipparcos-based 
determination stem at least partly from the selections of member 
stars. In the new reduction, the higher accuracies of the proper 
motions allows for an improv ement in selection, an d shows that 
the selection of members by Robichon et alj d 1999!) contained at 
least two non-members (HIP 15160 and HIP 16880) and three 
stars for which the membership is rather uncertain (HIP 14697, 
HIP 16340, and HIP 16625). Of these stars, HIP 16340 is by far 
the brightest, and its much smaller parallax will have affected 
the earlier results. 

The HR-diagram for a Per is shown in Fig. [15] in compari- 
son with the diagram of the Pleiades cluster. There is an indica- 
tion that the Pleiades stars on the red-side of (B - V) = 0.2 are 
generally more blue than those of a Per, while for stars on the 
blue-side the different sequences overlap very well. This raises 
once again the question as to what part of the main sequence can 
be u sed to derive a relia ble photometric distance estimate (see 
also iPercival et a il 120051) . as significantly different results will 
be obtained for different fitting criteria. 

6.6. IC2391 and IC 2602 

The Southern Hemisphere clusters IC 2391 and IC 2602 are 
sometimes described as being like the Pleiades, though a little 
younger, and less populous . IC 2602 is embedded in the Scorpio - 
Centaurus OB association (Bertiau 1958; de Zeeuw et al. 1999). 
An ex tensive photometric and astrometric study bv lBraesI { 1 96 1 , 
1 19621) defined probable membership and derived a distance esti- 
mate of 150 pc (distance modulus 5.88). A combined UBV pho- 
tometr ic and spectroscopic study at the same time by Whiteoak 
(1196 lh gave a distance of 155 pc (distance modulus 5.95), using 
measurements for 40 probable and 29 p ossible cluster mem bers. 
Based on ubvy photometry for 33 stars. iHill & Perrv| (1969) de- 
termined a distance modulus of 5.85 + 0.06. and lNicoletld 19811) . 
using photometric boxes to connect the distance determination 
directly to stars with measured parallaxes, derived a dis tance 
modulus of 5.75 + 0.47. Finally. iPiiisonneault etaT] dl998l) re- 
ported a distance modulus of 6.02 based on main-sequence fit- 
ting. 

The pi 

Hogg (119601) identified 21 stars are likely members and derived 
a distance of 153 + 3 pc, from a distance modulus of 5.92 + 0.05. 
Measure ments in ubvy a nd H/3 for 25 cluster members were ob- 
tained by [Perry & Hilll d 19691) . from which was derived a dis- 
tance modulus of 6.00 + 0.06. They also deri ved a mean d istance 
modulus of 5.90 for earlier determinations. Nicoietl d 19811) deter- 
mined a d istance modulus pf 6. 13 +0 .32 based on the photomet- 
ric boxes. Mai tzen & Catalanol d 19861) conducted a study of CP2 
stars in IC 2391. It is interesting to note that four stars identified 
as cluster members in that study were found not to be so, based 
on their proper motions, though the parallaxes of these stars are 
close to the parallax for IC 2391. These stars are HD 74195 
(HIP 42536), HD 74762 (HIP 42829 ), HD 74665 (HIP 42767 
and HD 75202 (HIP 43071). Finally. IPinsonneault et all dUT 
derived a distance modulus for IC 2391 of 5.99, based on main- 
sequence fitting to theoretical isochrones. 

With 11 (IC 2391) and 15 (IC 2602) members in the 
Hipparcos catalogue respectively, they provide well determined 
parallax and proper motion estimates in the new reduction 
(Fig. [16). The distance moduli as derived for these two clus- 
ters from their parallax measurements are 5.80 ± 0.04 (IC 2391) 
and 5.86 + 0.03 (IC 2602), the summary data are presented 
in Table [4] The distributions of the member stars are shown 
in Fig. [T7] Figure [TBI shows the HR diagrams of IC 2391 and 



The proper motion and photometric study of IC 2391 by 
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Fig. 16. The distribution of the parallaxes against their formal errors for the IC 2391 (top left), IC 2602 (bottom left), Blanco 1 (top 
right) and NGC 245 1 (bottom right) members in the Hipparcos catalogue. The central vertical line represents the mean parallax 
of each cluster, as presented in Table |4] The black lines on either side show the 1 cr error level, including the internal distance 
dispersion for the cluster. The outer grey lines similarly represent the 2 cr level 



IC 2602 in comparison with the diagram for the Pleiades. The 
positions of the sequences for the three young clusters coincide 
well, in the same way as the sequences for the older clusters 
UMa and Coma Ber (Section 16. 2\ and those of the much older 
Hyades and Praesepe clusters. With the improvement by a factor 
two in formal errors on the parallaxes for the Pleiades, IC 2391 



and IC 2602 (with respect to the 1997 catalogue), this agreement 
is more substantial now than it was ever before. Just as for the 
Pleiades cluster, the parallax-based distance moduli for IC 2391 
and IC 2602 are found to be systematically smaller than has been 
estimated from main sequence fitting, where va lues of 5.99 and 
6.02 were reported bv lPinsonneault et al.1 (1 19981) for IC 239 1 and 
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IC 2602 respectively. A distance modulus of 6.02 would imply 
a parallax of 6.25 mas, which, in view of Fig. [TBI appears rather 
unlikely. 



6.7. Blanco 1 (( Scl) 

The cluster Blanco 1 has in the past been referred to as the 
( Scl clu ster, after th e bright star cons i dered to be a cluster 
member dEggen|[l970t [Perry et alj fl978t Ide Epstein & Epstein! 
119851: IWesterlund et al.l 1 1 988b . The proper motion and parallax 
(at 6.49 + 0.25 mas) measured by Hipparcos, however, clearly 
indicate that this star is not a cluster member. A suspicion that 
this star mi ght not be a cluster mem ber was already earlier ex- 
pressed by IWesterlund et al.l d 1988b . Also confirmed as a non- 
member is HD 2251 19 (HIP 291), based on both proper motion 
and pa rallax, while the remain ing three B star members identi- 
fied bv lWesterlund et all (1 19881) are all confirmed. As this cluster 
can now no longer be associated wi th ( Scl, it w ill be referred 
to as Blanco 1, after its discoverer (lBlancolll949t) . In previous 
studies of this system, the similarity between its member stars 
and those of the Pleiades cluster has been noticed repeatedly. 

Based on the proper motions in the cluster area, 13 stars were 
ultimately selected as probable cluster members. A map of those 
stars can be seen in Fig. [17] The astro me trie parameters derived 
from the Hipparcos data are presented in Table [4] The distribu- 
tion of the parallaxes and their formal errors for the member stars 
is shown in Fig. [16] 



6.8. NGC 2451 

The cluster referred to here as NGC 2451 identifies with 
what has been called the Puppis Moving Group (PMG) by 
iRoser & Basilar] dl994l) . and by others as NGC 2451a. The rea- 
son for this is, that this cluster does not identify with the group 
of stars to which originally the name NGC 245 1 was assigned. 
That group of stars are mainly in the background for the PMG, 
at about twice the distance, and only very few of those stars be- 
long to the PMG. The PMG is of approximately the same age as 
IC 2391 and IC 2602. Membership determination for this clus- 
ter has in the past been somewhat problematic (see for e xam- 
ple iLevato & Malaroda1ll975al: iMaitzen & Catalano| [l986). and 
it has been suggested that there a re in fact two clusters shar- 
ing nearly the same line-of-sight (IRoser &Bastiari[l994h . al- 
though th e existence of the second, more distant cluster, is still 
uncertain (Bau mgarddl 19981) . An example of the problems sur- 
rounding this c luster is the list of spectral t ypes for 24 stars in 
NGC 2451 by iLevato & Malarodal dl975al) . When incorporat- 
ing the Hipparcos data, only 4 of these stars are confirmed as 
cluster members, 8 stars are definitely not members, while 12 
stars are not included in the Hipparcos catalogue. Among the 
non-members is the K5 Ila star HD 63032 (HIP 37819), which 
was sti ll considered a certain member by ILevato & Mala roda 
dl975al). but which has also been recognized as non-member 
by [Roser & Bastiarj d!994l) . This star had been used in the 
past as an indicator of the age of NGC 2451. Its proper mo- 
tion, at (-10.2 + 0.18,6.34 + 0.21) mas yr _1 and parallax at 
2.88+0.19 mas well separates this star from the cluster. The non 
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Table 4. Summary data for 8 clusters within 250 pc. 



Cluster 


a, d 


Diam. 


log(Age) 


V R 




[15 


TJ 


DM 


Dist. 


Std 




degr. 


Stars 


E(B - V) 


(kms-') 


(mas yr 




(mas) 




(pc) 


Rej. 


Coma Ber 


186.0 


7° 5 


8.78 


-1.2 


-1 1.75 


-8.69 


11.53 


4.69 


86.7 


0.87 


C1222+263 


26.0 


27 


0.00 




+0.27 


±0.25 


±0.12 


±0.02 


±0.9 





Pleiades 


56.5 


8°. 6 


8.08 


5.7 


20.10 


-45.39 


8.32 


5.40 


120.2 


1.45 


C0344+239 


24.1 


53 


0.04 




±0.28 


±0.27 


±0.13 


±0.03 


±1.9 





Praesepe 


130.0 


4° 5 


8.90 


33.6 


-35.81 


-12.85 


5.49 


6.30 


181.5 


1.29 


C0937+201 


19.7 


24 


0.01 




±0.29 


±0.24 


±0.18 


±0.07 


±6.0 





a Per 


52.5 


8°0 


7.55 


-1.6 


22.73 


-26.51 


5.80 


6.18 


172.4 


1.28 


C03 18+484 


49.0 


50 


0.09 




±0.17 


±0.17 


±0.09 


±0.03 


±2.7 





IC 2391 


130.0 


2:0 


7.88 


19.0 


-24.69 


22.96 


6.90 


5.80 


144.9 


1.12 


C0838-528 


-53.1 


11 


0.01 




±0.32 


±0.31 


±0.12 


±0.04 


±2.5 





IC 2602 


160.2 


2° 9 


7.83 


16.0 


-17.02 


11.15 


6.73 


5.86 


148.6 


0.99 


L1U41-641 


t^A A 

—64.4 


1 j 


U.Ui 




±U.24 


±U.zJ 


±u.uy 


±0.03 


±2.U 


U 


Blanco 1 


1.1 


2:5 


8.32 


3.5 


20.11 


2.43 


4.83 


6.58 


207.0 


1.24 


C000 1-302 


-30.1 


13 


0.01 




±0.35 


±0.25 


±0.27 


±0.12 


±12.0 





NGC 2451 


115.3 


2:0 


7.76 


21.7 


-21.41 


15.61 


5.45 


6.32 


183.5 


1.42 


C0743-378 


-38.5 


14 


0.00 




±0.28 


±0.29 


±0.11 


±0.04 


±3.7 






The first column identifies the cluster. 

Columns 2 to 4 provide external input data, such as reddening, radial velocity, position on the sky. 
Columns 5 to 7 provide the data obtained in the current study for the astrometric parameters of each cluster. 
Columns 8 and 9 provide the derived parameters of the distance and distance modulus. 

Column 10 gives the solution statistics, the unit-weight standard deviation of the residuals and the percentage of rejected observations. There 
are always three observations per star. 



members in the field of NGC 245 1 as contained in the Hipparcos 
catalogue do not show common parallax and proper motion val- 
ues that would indicate membership of a second cluster behind 
NGC 2451. But with the second cluster at possibly twice the 
distance there may be very few if any actual members of it in- 
cluded in the Hipparcos catalogu e. It should be noted that the 
PPM proper motions as used by lRoser & Bastianl d 19941) are sig- 
nificantly offset in declination, by about 6 to 8 mas yr from the 
Hipparcos data. The formal internal errors of about 3 mas yr 
assigned to the PPM proper motions appear to be correct. 

The Hipparcos catalogue contains data for 14 stars that can 
be identified as probable members of NGC 2451 as based on 
their proper motions and parallaxes. The combined parallax data 
for these stars is shown in Fig. [16] The mean parallax for the 14 
selected stars is 5 .45 ±0. 1 1 mas, equivalent to a distance modulus 
of 6.32 + 0.04. This is very close to the r esult obtained by fitting 
to theoretical isochrones by Platai s et"aL1 d2001l) . who give a dis- 
tance modulus of 6.35 or 6.38, depending on the models used. 
However, it was noted that the model isochrones showed shapes 
different from that of the observation, which means that slightly 
different answers can be obtained when changing the weights of 
the stars contributing to the isochrone fit. The summary data for 
NGC 245 1 are given in Table [4] The HR diagram for the clus- 
ter is shown in Fig [15] together with the data for Blanco 1 and 
the Pleiades. The HR diagrams of all three clusters appear to co- 



incide well when applying the astrometrically derived distance 
moduli. 



7. Clusters between 250 and 500 pc 

The astrometric parameters derived for clusters between 250 
and 500 pc are generally less secure, as membership of individ- 
ual stars can be doubtful, and generally few stars are contained 
in the Hipparcos catalogue. The clusters selected here are all 
well established, but do suffer, within the Hipparcos catalogue, 
from low numbers of (sometimes doubtful) members. A rea- 
sonably reliable set of astrometric parameters has been obtained 
for the following clusters: NGC 6475, NGC 7092, NGC 2516, 
NGC 2232, IC 4665, NGC 6633, Collinder 140, Trumpler 10, 
NGC 2422, NGC 3532 and NGC 2547. NGC 2264 is also de- 
scribed, but uncertainties in member identification do not allow 
for conclusions on its existence and astrometric parameters. The 
results for these clusters are presented in the sections below, in- 
cluding reference to other distance determinations for the same 
systems and comparisons with the results for nearby clusters of 
approximately the same age. All cluster solutions have followed 
the "combined abscissae" model as described in Section [4~4l A 
comparison was also made for NGC 6475 with the method used 
for the for the more nearby clusters as described in Section |4"31 
The observed differences were well below the significance level. 
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7.1. NGC 6475 (M7) 



7.2. NGC 7092 (M39) 



NGC 6475 is a well populated cluster, which, with at an es- 
timated age of 200 to 260 Myr, is older than the Pleiade s 
but younger than UMa and Coma Ber dPatenaudd Il978l) . 
Membership has been determined in t he past through both 
prop er motions (|Constantine et al.l |1969|) and r a dial velocities 
by iBuscombe & Kennedy. d 1968b and IZentelisI d 1983b for the 
brighter, and lGiesekind d 19851) for the fa inter potential members. 
A spectral study was done bv lAbtl d 1975b for the brighte s t mem- 
bers, and combined with UBV photometry by iLodenl (M984). 
Photometric studie s in ubvyP were do ne by ISnowderJ dl976l) . 
lLoden et all {[980) and Nissen (1988). R ecent distance modu- 
lus estimates h ave varie d from 7.17 + 0.19 dNicolet. 1 98 lb to 7.01 
dNissenl 19881) and 7.08 dPinsonneault et all 1998b . where the lat- 
ter is an apparent di stance modulu s. The reddening of the cluster 
was determined bv lNissenl dl988l) as E(b - v ) = 0.039 + 0.006 
equiv alent to 0.053 ± 0.008 in E(B - V). IPinsonneault et alj 
(1998) use a value of E(B - V) = 0.06. 



Within the Hipparcos catalogue 17 to 22 stars can be identi- 
fied as probable members based on their proper motions. They 
cover an area of about 3.5 degrees in diameter, which is sim- 
ilar, considering the difference in distance, to the area covered 
by, for example, the Pleiades cluster. For the solution made here 
20 stars were finally selected. Solutions with slightly different 
selections did not produce significantly different results. In par- 
ticular restricting the extent of the cluster to a 2 degrees diameter 
only changed the parallax from 3.71 + 0.14 to 3.70 + 0.14. In all 
aspects the solution to the astrometric parameters of the cluster 
appears healthy, with only one rejected abscissa measurement 
out of 1328 in total used. Details of the solution are shown in 
Table|5] The HR-diagram positions of the stars used in the astro- 
metric solution are shown in Fig. [18] in comparison with similar 
data for the Pleiades and Coma Ber. 



A prop er motion study b y Ebbighause nl dl940l) and radial veloc- 
ities bv lTrumplerldl928l) " established this group as a cluster with 
a radial velocity of -14 km s _1 , and served as the main mem- 
bership criterion for the following decades. The individual data 
for the latter study do not appear to have been publishe d, but 
some derived information was presented by Eggeri| d 1 95 lb - who 
also determined a photometric parallax of 4.5 ma s. Another earl y 
photometric study of M39 was presented by Mavers (1940), 
and covers an area of about 1.6 degrees diameter down to pho- 
tographi c magn itude 13. Based on a UBV photometric study, 
iJohnsonl dl953b determined a distance modulus of 7.2 + 0.2, 
equivalent to a parallax of 3.6 mas. Around the same time, 
Weaver (1953) presented spectra and p hotoelectric mag nitudes 
for some 30 potential cluster members. Meadowi dl96lb estab- 
lished that for the brightest members of M39 the rotational ve- 
locities are much like those of field stars of the same spectral 
types, a study continued and extended t o radial velocities and a 
search for binary stars in the cluster by lAbt & Sanders! (Q973). 
A few more radial veloc ities of M39 members were presented 



by [Gever & Nellesl dl985b . U sing U/3 photometry c alibrated to 
the lCrawfordld 1973b relations, Kil kenny etaild 1975b derived in- 
dividual distance moduli estimates for the brighter stars in the 
field, and determined, using UBV ph otometry and the zero- 
age main sequence bv iBlaauwl d 19631) . a distance modulus of 
6.87 + 0.25, as well as a reddening of E(B - V) = 0.04 + 0.03. 

A new proper motion study by McNam ara & Sanders! d 1977b 
seemed to indicate a rather low abundance of fainter stars in 
the cluster. From a total of 1710 stars studied, only 30 brighter 
stars were found to be probable members, and most of those 
are at (B-V) < 0.3. A distance mo dulus of 7.12 was deter- 
mined by fitting to the IJohnsonl d 1 957b calibration sequence, for 
which a reddening of 0.02 was assumed. The apparent sparsity 
of fainter members may have been caused by a magnitude equa- 
tion in the proper motions, as it was contradicted later by Platais 
( 1984) in his proper motion study of the cluster (see also lPlatais! 
1994). This study was based on more homogeneous plate ma- 
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Fig. 19. Proper motion distribution of the stars identified as prob- 
able members of NGC 2516 in the Hipparcos catalogue 



terial. In it, 43 new (faint) candidate members were identified. 
The first distance-modulus determinati on that was at least indi- 
rectly based on parallax measurements jNicoleC l981) provided 
a value of 7.46 + 0.12, equi valent to a paral l ax of 3.2 mas. A 
UBV photometric study by Mo han & Sagarl d 1985b based the 
distance modulus estimate of 7.4 + 0.2 on a compariso n with 
the ze ro-age main sequence as given by Schmidt- Kaler in ( Voigt 
1 1965b . and estimated the age of the cluster to be between 200 
and 400 Myr. The interstellar reddeni ng has been determined for 
the cluster by Manteiga et al.] (119911) . based on IR photometry, 
at E(B - V) = 0.01. These autho rs put the age of M39 t o be be- 
tween 240 and 480 Myr. Finally. iRobichon et ail (1 19991) derived 
the parallax and distance modulus of M39 from the first release 
of the Hipparcos data as 3.22 + 0.29 mas and 7.46 + 0.20 magn. 
respectively. 

The new solution, based on 7 member stars, gives a parallax 
of 3.30 + 0.19 and therefore a distance modulus of 7.41 + 0.12, 
based on the abscissa residuals for 903 field-of view transits, 
of which only one was rejected. The standard deviation for the 
astrometric solution is, at 1.03, close to the expected value. The 
proper motion of this cluster is relatively large, which eases the 
member selection. Based on its proper motion, the brightest star 
in the field, HIP 106346 (HD 205210) has been excluded from 
the solution. It appears not to be a cluster member, with also its 
parallax outside the 3<x area. Including this star in the solution 
brings the parallax down to 3.04 + 0.17 mas (a distance modulus 
of 7.59+0.12), which demonstrates how sensitive these solutions 
can be to the selection of cluster members. Details of the solution 
are shown in Table[5] The HR-diagram positions of the stars used 
in the astrometric solution are shown in Fig. [20] in comparison 
with similar data for the Praesepe and Coma Ber. 

7.3. NGC 2516 

NGC 25 16 has bee n described as a large and rich cluster. A 
study by ICoxl ( 1 1955b provided the first reliable magnitudes and 
colours in the region of NGC 2516. From these data, Cox de- 
rived a distance estimate of 400 + 25 pc, and a reddening of 
E(B - V) = 0.11. A spectroscopic study of cluster members by 



lAbt & Morgan! d 1969b s howed a rich v ariety of peculiar stars to 
be present in the cluster. Dachs (1970) obtained UBV photome- 
try for 70 stars in cluster, and derived a distance of 375 + 20 pc 
(parallax of 2.7 mas) and a reddening of E(B - V) = 0.09. 
Dachs noted the presence of three evolved stars, and compared 
the cluster in age and content with the Pleiades, concluding 
that it is more than twice as rich. A similar study, but partially 
extended with measu rements in RI and Hy6 was presented by 
Feinstein et al. (1973). In it, the distance of the cluster was es- 
timated at 400 + 40 pc, and the reddening at E(B - V) = 0.12 . 
The age of the cluster was estimated at 60 Mvr. lSnowdenl d 1 975b . 
using ubvy/3 photometry, estimated the age of the cluster more 
than twice higher, at 135 Myr, and re-emphasized its simi- 
larity with the Pleiades and IC 2602. The reddening was es- 
timated at E( b - y) = 0.088. Based on Geneva photometry, 
iNicoletl d 1 98 lb derived a distance modulus of 8.15 + 0.10, equiv- 
alent to a distance of 427 + 22 pc, or a parallax of 2.3 mas. 
A study of the cluster in Walrav en VBLUW photometry by 
IVerschoor & van Gendered (1983) showed a reddening of the 
cluster by E(B - V) = 0.127 + 0.005, with a spread among 
individual cluster members at 0.043 magnitudes. The distance 
modulus of the cluster was derived a s 7.85 + 0.10 through a 
comparison with a ZAMS derived by iThe et all dl980b . which 
had been derive d, through a tran sformation between photomet- 
ric systems, from Johnson] d 1966b. Bas e d on G eneva photometric 
measurements for 67 stars, ICamerorJ d 1985b determined a dis- 
tance modulus of 7.88 and a reddening of 0. 12. A UBV study by 
iDachs & Kabusl d!989b of 486 stars in the vicinity of the clus- 
ter indicated the presence of 362 cluster members in the sam- 
ple. A distance modulus of 8.18 + 0.38 and a reddening of 0.12 
were derived. Spectroscopic observ a tions for 36 bright stars in 
the cluster by iGonzalez & Lapassell d2000h showed a radial ve- 
locity of 22 + 2 km s" 1 . A CCD UBVI photometric study by 
Sung et all d2002b provided a distance modulus of 7.77 ±0.11 
and reddening of 0.1 12 ± 0.024 through comparisons with theo- 
retical isochrones. The age was determined as 160 Myr. 



IDachs &~Ka bus (1989) identified cluster members till at 
least 30' from the cluster centre. Within this range, 11 stars 
are found in the Hipparcos catalogue that very closely share the 
same proper motion (Fig.[T9l; a further three stars showed sim- 
ilar but not sufficiently coinciding proper motions, and were not 
used as cluster members. The cluster proper motion and paral- 
lax have been estimated by means of the 1166 abscissa resid- 
uals of the selected stars, giving a value for the parallax of 
2.92 + 0.10 mas, equivalent to a distance modulus of 7.68 +0.07. 
As for the Pleiades, a shorter distance than was expected from 
the pre-Hipparcos estimates is found. It may be worth noting too 
that by extending the search radius to 1.3 degrees, 8 more stars 
are found that closely share the proper motion and distribution 
of parallaxes of the 1 1 selected cluster members. Scaled to the 
distance of the Pleiades, the radius of 1.3 degrees in NGC 2516 
is equivalent to a radius of 3.7 degrees. Members of the Pleiades 
cluster are known at least up to 4 to 5 degrees from the clus- 
ter centre dvan Leeuwen e t al. 1986). Including those stars in the 
cluster-parallax and proper motion determination gives a solu- 
tion with very similar statistics as obtained with the initial se- 
lection, and a value for the parallax of 2.84 + 0.08 mas instead 
(distance modulus at 7.73 + 0.06). Details of the solution are 
shown in Table [5] The HR-diagram positions of the stars used 
in the astrometric solution are shown in Fig. [18] in comparison 
with similar data for the Pleiades. 
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7.4. NGC 2232 

The informa tion on this cluster comes predominantly from 
Clari! d!972h . who measured 43 stars in its vicinity in UBV 
and 22 in H/3. From these data Claria derived a distance for 
the cluster of 360 pc, equivalent to a distance modulus of 7.78 
and a parallax of 2.8 mas. The eight brightest stars in the list 
of cluster members by Claria are included in the Hipparcos cat- 
alogue. They do not cluster as well in proper motion as could 
be expected for a cluster at 360 pc, and two stars in particular, 
HD 45153 (HIP 30580) and HD 45975 (HIP 3101 1) stand out in 
both proper motion and parallax. These stars have been excluded 
from determining the astrometric parameters of the cluster. The 
combined abscissa residuals for the six remaining stars give a 
cluster parallax of 2.83 + 0.18 mas. Of the 522 residuals used, 
2 were rejected. Including the two stars identified above as pos- 
sible non-members puts the parallax at 3.27 ± 0.18 mas, and in- 
creases the standard deviation of the solution from 0.96 to 1.04. 
Details of the solution are shown in Table [5] The HR-diagram 
positions of the stars used in the astrometric solution are shown 
in Fig. [2T| in comparison with similar data for NGC 2451 and 
a Per. 



7.5. IC 4665 

Next to areas of the Pleiades and Praesepe clusters, the area of 
IC 4665 was one of the standard regions in the Johnson and 
Morgan UBV photo metric system dJohnsonlll954l) . A study by 
Hogg & Kronl d 19551) in UBV identified the cluster as some- 
what younger than the Pleiades, at a parallax of about 2.3 mas 
(distance modulus of 8.2) and a reddening of E(B - V) = 
0.10 to 0.18, based on a selection of 18 probable members. 
The membership selection was at le ast partly suppor ted by the 
proper motion study of the cluster bv lVasilevskisI d!955l) . though 
this study was of limited accuracy. The cluster main sequence 
wa s shown very clearly in a pho tographic photometry study 
by iMcCarthv & O'Sulhvanl d 19691) . which incorporated further 
astrometric studies by Vasilevskis. Three studies in the early 
70s significantly refined the information available on IC 4665, 
through astrometric data (Sanders & van Altena 1972), photom- 
etry in u bv\/3 (jCraw ford & Barn esl |1972|) and spectral c lassi- 
fications dAbt & Levatolll975l) . ICrawford & Barnesl d 19721) de- 
rived a distance modulus of 7.5, and a reddening of E(b — y) = 
0.14 ± 0.04, where the error refers to the spread over individual 
cluster members. The proper motion of the cluster is quite small, 
and as a result there is increasing confusion between members 
and non-members for the fainter stars, wh ich shows clearly from 
the HR diagrams of possible members bv lSanders & van Altenal 
d!972|). Based on d ata obtained in the Geneva photometric sys- 
tem, 



Nicole^ d!981l) derived a distance modulus of 7.90 ± 0.22, 



equivalent to a parallax of 2.6 mas. iGever & Neliesl d 19851) de- 
termined the radial velocity of the cluster as -12.5 ± 4.7, based 
on data for 5 stars. Pross3 d 19931) combined existing and new 
astrometric, photometric and spectroscopic data for the cluster 
and identified numerous new candidate members. The age of the 
cluster was estimated to be between 30 Myr and the age of the 
Pleiades. The radial velocit y of the cluster was determined by 
iProsser &~G iampapa ( 1 19941) at about -13 km s _1 . 

The Hipparcos catalogue contains 6 or 7 stars that can be 
identified as probable members of the cluster. Four of these 
are co ntained in the astrometric study bv lSanders & van Altenal 
d!972l) . and identified as probable members in their discussion: 
SI 10 (HIP 86954), SI 15 (HIP 86960), S159 (HIP 87002) and 
S181 (HIP 87032). One star can be identified in ( Vasil evskis! 



119551) as K 32 (HIP 86805), indicated as a possible member. 
Two more stars are just outside the areas covered by these stud- 
ies, HIP 86993 and HIP 87592. The mean parallax as derived 
from 856 field transit abscissa residuals for these 7 stars is 
2.81 +0.27 mas, equivalent to a distance modulus of 7.75+0.21. 
There were no rejected observations. Details of the solution are 
shown in Table [5] The HR-diagram positions of the stars used 
in the astrometric solution are shown in Fig. [22] in comparison 
with similar data for the Pleiades, NGC 245 1 and a Per. 

7.6. NGC 6633 



A UBV photometric study of NGC 6633 by lHiltner et all dl958|) 
showed it to be similar in age to Praesepe, and subject to an 
interstellar reddening of E(B - V) = 0.17. They also derived 
a distance modulus of 7.50 + 0.25, equivalent to a parallax of 
3.2 mas. A proper motion study covering 207 stars down to pho- 
tographic magnitude 13. 5 in an area of 50 ' x 40' centred on the 
cluster was presented by Vasilevs kis et alj ([1958), and identified 



some 90 potential cluster members. A study bv lSanders! d 19731) 
improved this still further, with 497 stars measured and 113 pos- 
sible members. The problem faced by both these studies is the 
small size of the proper motions, which makes distinction from 
background stars difficult. The radial velocity for one of the gi- 
ant members of the clus ter was deter mined at -22.0 km s -1 by 
IWallerstein et alj d 1963b . and later by IGever & Neliesl d 19851) at 
-24.8 + 1.0. Ph otometric measu rements in ubvy/3 for 37 stars 
were obtained byjScJimidj (1976), who noted a slightly variable 
extinction with an average value of E(b - y) = 0.124, and de- 
termined a distance modulus of 7.71, using the ca libration by 
ICrawford! d 19731) . A study by iLevato & Abtl d 1 9771) determined 
spectral classifications for the brightest cluster members identi- 
fied in the studies re ferred to abov e. Based on Geneva photomet- 
ric measurements, Nicolet (1981) determined a di stance modu- 
lus of 7 .47 ±0.17 , while using UBV photometry by lHiltner et al.l 
( 1958), Cameron ( 1985) derived a distance modulus of 7.63 and 
a reddening of E(B - V) = 0.17 ± 0.007, based on 39 members. 
Distance fitting was done with re spect to the ZAMS as defined 
by Schmidt-Kaler in Voigt ( 1965). Based on the first release of 
the Hipparcos data, Robichon et alj d 19991) determined a parallax 
of 2.70 ± 0.70 mas, using data for 4 stars. 

In the new solution, the abscissa residuals of 917 field-of- 
view transits for 6 stars was used, from which a parallax of 
2.67 ± 0.32 mas was derived, equivalent to a distance modulus 
of 7.87 ± 0.26. Details of the solution are shown in Table[5] The 
HR-diagram positions of the stars used in the astrometric solu- 
tion are shown in Fig. [20] in comparison with similar data for 
Praesepe. 

7.7. Collinder 140 

A combined photometric a nd spectroscopic study o f 
Collinder 140 was presented by Clar ia & Rosenzweigl d 1978b . 
who derived a distance modulus of 7.78 (equivalent to a distance 
of 360 pc), reddening of E(B - V) = 0.05, and age o f 21 to 
23 Myr. From a UBV photometric study. rWilliamsl d 1 9781) placed 
the cluster at 420 ± 20 pc and at an age of 40 Myr, and very little 
red dening, at E(B — V) = 0.01 ± 0.01. A spectroscopic study 
by Hitzgerald et al. ( 1980) derived a distance of 410 ± 30 pc, 
a reddening of E(B - V) = 0.04, and age o f 20 ± 6 Myr. In 
his UBV photometric study of 38 clusters, Cameron (1985) 
determined a distance modulus of 7.96 (distance 391 pc) and 
reddening of E(B - V) = 0.06. 
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Fig. 20. The HR-diagram positions of the stars used in the astrometric solutions to NGC 3532 and NGC 7092 (each compared with 
Coma Ber, crosses, and Praesepe, open circles), and NGC 6633 (compared with the Praesepe, open circles). 



The distribution of proper motions and parallaxes in the re- 
gion of Collinder 140 in the new Hipparcos catalogue shows 
the presence of 9 probable cluster members, for which the 
parallax, as derived from the 1413 individual field transits, is 
2.66 + 0.13 mas, equivalent to a distance modulus of 7.88 +0.1 1. 
Details of the solution are shown in Table [5] The HR-diagram 
positions of the stars used in the astrometric solution are shown 
in Fig. [2T| in comparison with similar data for NGC 2451 and 
a Per. 

7.8. Trumpler 10 

Trump l er 10 is a not very well studied, fairly young cluster. 
iLvneal (Q960) did a UBV photometric study in the region of 
the cluster, measuri ng som e 29 st ars, for which a further analy- 
sis was provided by Lynga ( 1962), who derived an age estimate 
of 30 to 6 Myr. Spectroscop i c types in the cluster were deter- 
mined bv lLevato & M alaroda!( ll975bl) . who gave an estimate of 
the cluster distance of 440 ± 50 pc, equivalent to a distance mod- 
ulus of 8.22, and reddening at E(B - V) = 0.02 ± 0.01. A proper 
motion study by IStockl d 19841) seemed to throw some doubt on 
the existence of the cluster, but the proper motions in this study 
were not of sufficient accuracy to recognize it. 

A search for potential cluster members in the region of 
Trumpler 10 identified 12 likely cluster members, with a mean 
parallax of 2.58 ± 0.16 mas, equivalent to a distance modulus of 
7.94 ± 0.14, close to the earlier ground-based estimate. Details 
of the solution are shown in Table [5] The HR-diagram positions 
of the stars used in the astrometric solution are shown in Fig.l2Tl 
in comparison with similar data for NGC 245 1 and a Per. 

7.9. NGC 2422 (M47) 

The only two prop er moti on studies on this clu ster are by 
Ivan Schewickl d 19661) and llshmukhamedovl d 19661) . neither of 
which is easily accessible and played much of role in further 
investigat ions of this cluste r . A UB V photometric study was pre- 
sented by Sm yth & Nandvl 0962), and a spectroscopic study by 



iDworetskvl d 19751) . iNicoletl (|T98 1 ) determined a distance modu- 
lus of 8.66 ± 0.16 using Geneva photometry . An extensive study 
of the cluster in ubvy/3 was carried out by iRoio Arellano et al.l 
(1 19971) . who determined a distance of 470.8 ±4.8 (distance mod- 
ulus 8.36) and a reddening of E(b - y) = 0.089 ± 0.026. The 
age was estimated at 1 00 Myr. Analys i s of t he first release of 
the Hipparcos data by [Robichon et alj d 19991) showed a paral- 
lax of 2.01 + 43. A CCD-photometry study in UBVRI by 
Prisinzan o et alJ d2003l) was used to study the luminosity and 
mass functions of the cluster. 

The Hipparcos catalogue contains at least 7 stars that are 
probable cluster members. The abscissa residuals for the 879 
field transits of these stars show a cluster parallax of 2.52 ± 
0.21 mas, equivalent to a distance modulus of 7.99 + 0.18. There 
were no rejected observations. Details of the solution are shown 
in Table [5] The HR-diagram positions of the stars used in the 
astrometric solution are shown in Fig. [18j in comparison with 
similar data for the Pleiades. 



7.10. NGC 3532 

This r ich open cluster w as studied in photometry and astrome- 
try by Koelbloed ( 1959), who derived a distance of 432 ± 40 pc 
(a distance modulus of 8.2), a very small amount of reddening 
(E(B — V) = 0.01), and age of 100 My r. Fur t her p roper motions 
were obtained in an extensive study by King d!978l) . who identi- 
fied 382 likely members in a field of about 1 degree square, down 
to photographic magnitude 11.0. A UBV photometric study of 
183 st ars in the region of the cluster by [Fernandez & Sal gado 

( 1980) indicated a slightly larger distance of 490 ± 5 pc (a dis- 
tance modulus of 8.45 + 0.27) and age of 200 Myr. iGiese king 

( 1981) determined a radial velocity of 4.2 km s _1 for the clus- 
ter, and identified and measured a number of spectroscopic bina- 
ries contained in it. The larger distance and higher age s eemed 
to be confirmed by ubvy/3 observations of 33 stars by Eggen 
d 198 lh . who derived a distance modulus of 8.5 + 0.25, a red- 
dening of E(B - V) = 0.023 ± 0.014, and age of 350 Myr. A 
somewhat smaller distance modulus of 8.296 ± 0.096 was de- 
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Ages have been obtained from Kharc henko et alj d2005h . reddening values come from various papers. 

The final two columns give the correlation coefficients between the proper motions and parallax determinations times 100 (pi = p(m,ji ai ,); 
Pi = P(^,^s)\ Pi = p(p a ,„Hs))- 



rived by Nicolet (1981) (distance 456 pc). Using p hotometric 
observations of 14 cluster stars in UBV and ubvyP, iJohanssonl 
(1981) derived a distance modulus of 8.38 ± 0.51, and a red- 
dening of E(B - V) = 0.10 + 0.04. Further photometric ob- 
servations for 68 stars, t his ti me in UBVRI, were obtained by 
IWizinowich & Garrisonl d 1982b . This study showed some of the 
systematic differences that exist between different implementa- 
tions of the same photometric system. Observations in UBV and 
DDO of 12 red giants in the cluster bv lClaria &Lapasselld 1988b 
showed a mean reddening of E(B - V) = 0.07 + 0.02. In their 
analys is of the first release of the Hipparcos data. lRobichon et all 
( 1 1999b derived a parallax of 2.47+0.39 mas for the cluster, equiv- 
alent to a distance modulus of 8.04 + 0.35. 

In the new reduction of the Hipparcos data, 6 stars can be 
identified as very probable cluster members, having closely the 
same proper motion. Based on the 685 field-transit measure- 
ments for these stars, a cluster parallax of 2.43 ± 0.24 mas is 
derived, equivalent to a distance modulus of 8.07 + 0.22. Details 
of the solution are shown in Table [5] The HR-diagram positions 



of the stars used in the astrometric solution are shown in Fig. [20] 
in comparison with similar data for Praesepe and Coma Ber. 



7.11. NGC 2547 

Photomet ric and astrometric studies of NGC 2547 were pre- 
sented by iFernid dl959i Il960h . from which he derived an esti- 
mated distance of 360 p c (distance m odulus 7.8) and reddening 
of E(B - V) = 0.03. iNicoletl (Il98ll) used Geneva photometry 
to derive a distance modulus of 8.22 + 0.13 (distance 440 pc). 
Photoelectric data in UBV for 118 stars, a nd Hfi for 23 s tars in 
the region of NGC 2547 were obtained by lClarial dl982l) . from 
which was derived a mean distance of 450 pc (distance modulus 
8.3), a reddening of E(B - V) = 0.06 + 0.02 and age of 57 Myr. 
Based on UBV data, ICameronl (1 1985b derived a distance modu- 
lus of 8. 1 and reddening of E(B — V) = 0.05. Ana l ysis o f the first 
release of the Hipparcos data bv lRobichon et alj d 1999b showed 
a parallax of 2.31 + 0.29. A BVI CCD study by iNaylor etaTI 
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Fig. 22. The HR-diagram positions of the stars used in the astro- 
metric solutions to NGC 2547 and IC 4665 (each compared with 
Pleiades, open symbols and a Per and NGC 2451, crosses). 



(2002) gave a distance modulus between 8.00 and 8.15, and age 
between 20 and 35 Myr. 

Eight stars were identified in the Hipparcos catalogue as 
probable cluster members based on their distribution of proper 
motions. The cluster parallax of 2.11 + 0.17 (distance modulus 
8.38 + 0.17) was derived from the abscissa residuals of the 1022 
field transits of these stars. There were 2 data points rejected. 
Details of the solution are shown in Table [5] The HR-diagram 
positions of the stars used in the astrometric solution are shown 
in Fig. [22] in comparison with similar data for the Pleiades, 
NGC 2451 and a Per. 

7.12. NGC 2264 

NGC 2264 is an extremely young cluster, which, probably for 
that reason, has been studied wel l. An extensiv e photometric 
survey in UBV was presented by IWalkerl (Il956l) . who identi- 
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Fig. 23. Proper motions for nine stars in the field of NGC 2264. 
Data points indicates with a larger central dot represent the five 
stars selected as probable members based on a combination of 
proper motions, parallaxes and apparent magnitudes. 



fied the lower main sequence to lie above the expected locus 
when comparing hi s data with the "standard main sequence" of 
I John son & Morgan! (I1953I) . to which the data were fitted for the 
B stars. A distance modulus of 9.50 was derived this way, based 
on which it was concluded that stars of spectral types later than 
AO wer e situated above the ma in sequence. A proper motion 
study by Vasilevski s et al.l d 1965b identified 140 stars with mem- 
bership probabilities greater than 0.5 among 245 stars brighter 
than photographic magnitude 13, in a 40' x 40' field centred on 
the cluster. A st rongly variabl e reddening for the cluster stars 
was reported by Young (1 19781) . possibly related to the molec- 
ular cloud associated with the cluster (ICrutcher et al.l 1 1978b . 
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Table 6. Data on stars selected in the NGC 2264 field 
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though much less variatio n was indicated by the spectroscopic 
study oflBarrv et alJd 19791) and the UBVRI p hotometric study of 
Mend oza V. & Gomez! dl980h . iNicoletl (Il981h determined a dis- 
tance modulus of 9.64+0.67, equivalent to a parallax o f 1 .2 mas, 
the ra dial velocity for the cluster was determined by iLiu et al.l 
( 1989]) as 24 + 8 km s -1 , based on observations of 12 early-type 
cluster membe rs. Using a combin ation of photometric and spec- 
troscopic data, Pere z et al. I (fl987l) derived a distance modulus of 
9.88 + 0.17 through a com parison with the main sequence as 
defined by Schmidt-Kaler in lSchaifers et al.l d!982l) . 

The Hipparcos c a talogu e contains at least 4 stars classified 
by [Vasilevskis et al.l d 19651) as highly probable members (see 
Table [§}. In addition, the catalogue contains the brightest star 
in the field, S Mon, which has a proper motion very similar to 
th e four stars mentioned ab ove. A little outside the field studied 
byl^silevskis et al.l (1 19651) . four more stars can be identified to 
share the same proper motion, and are within the same range of 
parallax values. Details on all these stars are provided in Table|6] 
while their proper motions are shown in Fig. [23] Taking the data 
for all 9 stars together, a parallax of 2.30 + 0.46 mas is obtained, 
which is why this cluster became included in the initial selec- 
tion of clusters within 500 pc. This solution shows, however, a 
relatively large standard deviation of 1 .4, and also the combined 
positions of the selected stars in the HR diagram look suspicious. 
The stars that seem to contribute most to the large standard de- 
viation are three in the south of the field and S Mon, for which 
parallaxes near 3.5 mas are found. Eliminating these, a parallax 
of 1.81 + 0.40 mas is found (from the abscissae solution), and a 
standard deviation of 1.01. Of the 375 abscissae used, one was 
rejected in iterations. Given its uncertainty in the parallax deter- 
mination as well as the final value, the data for this cluster have 
not been included in Table|5] They have been included in the dis- 
cussion here to show the vulnerability of these solutions to more 
distant clusters to member selection criteria. 



One of the aims of this study is to provide for nearby clusters dis- 
tance moduli that are determined completely independent from 
main-sequence fitting or other types of photometric calibration. 
Ultimately, when combined with homogeneous photometry for 
more extensive selections of cluster members, those data can 
provide a set of observational isochrones, to be compared both 
qualitatively and quantitatively with theoretical isochrones. A 
first, but very limited, combination with photometric data from 
the Hipparcos catalogue already shows some interesting rela- 
tions as well as systematic differences. More extensive compar- 
isons can be made when combining the cluster parallaxes with, 
for example, ubvy/3 or Geneva photome try, which is ava ilable for 
many of the clusters discussed above (Mermilliolll995|). 



8. 1. Distance modulus and parallax comparisons 

In this section the distance moduli as have been determined in 
various studies over the past 50 years are examined with respect 
to the new Hipparcos examinations. The comparisons are done 
as a function of cluster age, reflecting any systematic errors in 
the calibration sequences used . The ages used come from the 
catalogue bv lKharchenko et all d2005l) . 

The calibration of the ZAMS by Johnson] dl957l) has made a 
large impact, direct as well as indirect, on distance calibrations 
of open clusters for about half a century. It was built on three 
assumptions, the distance of the Hyades, assumed to be 40 pc 
(compared to the current estimate of 46.45 + 0.50 pc), an area 
in the UBV colour-magnitude diagram (0.55 < B - V < 0.85) 
where the Pleiades and Hyades would share the same locus, 
and a connection between NGC 2362 and the Pleiades around 
(B - V) = 0, which was based on a theoretical ev olutionary cor- 
rectio n for the magnitudes based on studies by iTavlerl (jl954, 
1956). None of these assumptions could be verified at the time, 
as it is only by means of accurate parallaxes that such verifica- 
tion is made possible. Johnson estimated the uncertainty on the 
distance moduli determined this way to be of order 0.2 magni- 
tudes. The distance moduli derived by Johnson played an im- 
portant role in the early distance moduli determination through 
ubvy/3 photom etry dCrawford & Perrvll966l : ICrawford & Barnes! 
1969al fl972l) . Figure[24]shows the observed differences between 
distance moduli for clusters based on these calibrations and the 
new Hi pparcos determ ination. The distance of the Hyades as 
used by I Johnson] d!957l) was underestimated by 15 per cent, re- 
sulting in errors of around 0.3 magnitudes in the distance es- 
timates for similar clusters, such as Praesepe. The assumption 
Johnson made about the coincidence of the Pleiades and the 
Hyades is not supported by the Hipparcos data. In the ubvy/3 
photometry it would not be supported either if systematic differ- 
ences in ci are taken into account. The details of the connection 
between the Pleiades and the youngest open clusters, as imple- 
mented by Johnson, are also in need of adjustment. 

The ZAMS definition by Johnson! d 1957b played also an im- 
portan t role in the ZAMS as presented by S chmidt-Kaler in Voigt 
( 1965). This was used bv lCameronld 1985b for the distance mod- 
ulus determination of 38 open clusters. As can be observed in 
Fig. [24] the same systematic differences are observed as for the 
Johnson and Crawford calibrations. 

Th e cluster distance determinations by iBecker & Fenkartl 
d 19711) a r e at le ast partly still based on the initial calibrations by 
Johnson] d 1957b . but with some modifications that affect mainly 
the young clusters. These modifications, based on incorporating 
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Fig. 24. Difference s in distance moduli between values de- 
rived by iJohnsonl dl957l) and the new Hipparcos reduc- 
tion (bottom graph) and similarly (middle graph) for th e 
data for the ubvy / 3 phot o metry dCrawford & Per rvl 1196' 



Crawford & Barne; 



vyp pnot< 
si 11969a . 



19721 11974 ICrawford & Perr 



1976t ICrawford" & Barnes 1969b), and (top graph) data from 



Came ron ( 1985). In the bottom graph the errors assigned to the 



distance moduli are mainly the uncertainty of 0.2 magnitudes 
indicated by Johnson. In the other two graphs the error bars rep- 
resent only the Hipparcos measurements. 



the (B - U) data, appear to have led to a systematic overestimate 
of the distances of clusters with ages less than about 100 Myr. 

A compa rison with the distance moduli as determined by 
lNicoletl (fT981) (Section[5]l provides a test on whether, for exam- 
ple, stars in young clusters are of the same luminosity as field 
stars when found in the same photometric boxes, or whether 
there are systematic differences, possibly related to age. The 
comparison, shown in Fig. [25] seems to indicate a systematic 
overestimate of distance moduli as obtained through the photo- 
metric boxes for young clusters, by 0. 1 to 0.4 magnitudes, while 
the older clusters are not significantly offset. One may conclude 
that the random field stars with ground-based parallaxes as used 
by Nicolet more resemble the older than the younger cluster stars 
in luminosity at the same colours. However, the volume of stars 
with accurate parallax data now available could be used to check 
in much more detail what the actual luminosity variations of 
stars sharing photometric boxes are, before drawing any further 
conclusions. 
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Fig. 25. Distance mod ulus differences. Bottom: between 
Becker & Fenkartl dl97ll) and Hipparcos for 15 clusters. Error 
bars represent Hipparcos determinations only. Middle: between 
iNicoletl dl981l) and the new reduction for 13 clusters. The error 
bars represent the combined errors fro m the two determinations. 
Top: between lLoktin & Mafkinl d 19941) and the new reduction for 
10 clusters. The error bars represent the Hipparcos determina- 
tions only. 



Clear systematic differences can be seen in Fig. [25] 
for the comparison with the di stance modulus determina- 
tions by lLoktin & Matkinl d 19941) . These determinations are 



tions by Loktin & Matkin (iyy4). Ihese determinations are 
based (|Loktin & Matkinl 1990[) on theoretica l is ochrones by 
Mermillio d & Maederl d 19861) . iHeileser] dl980h and lVandenbergl 
d 19851) . describing evolutionary models for different ranges of 
age and mass. The systematic differences that can be seen in 
Fig. [25] are likely to be a reflection of the offsets in the those 
models, and the way these affect clusters of different ages. 

An entirely different kind of comparison is that of the cur- 
rent determinations with those based on the first Hipparcos data 
release. Here the differences for the nearby clusters are small, 
though the errors have been reduced by about a factor two. For 
the more distant clusters the membership selection often be- 
comes the critical parameter. This is most clearly demonstrated 
by IC 4765, for which a parallax b ased on 7 member stars was 
presented by Robic hon et alj (1999), but for which there is no so- 
lution in the current paper. The more accurate proper motions in 
the area of this cluster in the new catalogue show only three pos- 
sible members, all of which appear to be red giants. The general 
agreement for the nearby clusters between the current results and 
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Fig. 26. Distan ce modulus differences. Bottom: between 

Robi chon et al.l d 19991) and Hipparcos for 17 clusters. Error bars 
represent the old Hippar cos determinations only. Top: between 
iKharchenko et a l. (2005) and the new reduction for 19 clusters. 
The error bars represent the new Hipparcos reduction only. 



those derived using the 1997 catalogue is not entirely surprising. 
It relates to the size of the fields covered by most of these clusters 
compared to the radius within which correlations in the abscissa 
residuals were able to accumulate to correlations in astromet- 
ric parameters for neighbouring stars. Such accumulations have 
been shown to be only effective over distances of less than 1 .5 
degrees. For the Pleiades stars, spread over 8 degrees diameter 
on the sky, there were correlations for the brightest stars in the 
cluster centre, but all other stars remained largely unaffected. 

A comparison with the catalogue of Kharch enko et al.l 
(120051) was also made, but here conclusions are difficult to 
draw, as in particular for the range of clusters discussed here 
their methods of distance determinatio n (based amongst oth- 
ers on results by iRobichon et al.l 1 19991) varied. What is clear 
fr om the comparison is tha t the distance moduli by presented 
by Kharchenk o et al.l (120051) for the current selection of clusters 
are on average too large by about 0. 15 magnitudes. 

In general, for many of the distance calibrations referred to 
above the same issue applied. Distance calibrations were pre- 
sented as accurate, while not considering the inaccuracies and 
remaining noise levels of the actual calibration model itself. 
While a lot of attention was paid to exact reddening corrections, 
and sometimes metallicity variations, the most basic of errors 
as well as noise contribution, in the reference ZAMS, was gen- 
erally not considered as a contribution to the final accuracies. 
Calibrations de pended for a long time, directly or indirectly, on 
iJohnsonl d 1957b . which itself was based on a distance estimate 
of the Hyades that was short by 15 per cent, an unverified as- 
sumption on the relation between the Pleiades and Hyades main 
sequences, and a very early estimate of the evolutionary lumi- 
nosity effects on B stars. It is only now, when distances can be 
measured with completely independent methods, that the limi- 
tations of these assumptions are exposed and can be corrected 
for. 



8.2. HR diagram comparisons 

When examining the composite HR diagram of the clusters 
a few distinct groups appear, for which the distributions of 
stars largely coincide in colour-magnitude and colour-colour 
diagrams. Photometric data in the ubvy/3 and Geneva sys- 
tems was extracted from webdaQ to further examine these 
groups. Additio nal photometry for UMa stars wa s obtained from 
iRufenerl (1988) and lHauck & Mermilliodl dl998l) . In most cases 
field stars had to be removed from the selected data, but this was 
only done when a cluster main sequence could be clearly recog- 
nized. Clusters for which this was not possible have been left out. 
For the Hyades only stars were selected for which a kinematic 
parallax had been determined based on the new Hipparcos re- 
duction, as described in Section loTTl Thus, individual parallaxes 
were available for the selected stars. Directly measured individ- 
ual parallaxes were used for the UMa stars. 

The (provisional) groups contain the following clusters for 
which more extensive photometry is available: 

1 . The Hyades and Praesepe 

2. Coma Ber, UMa and NGC 7092; 

3. Pleiades, Blanco 1 and NGC 2516; 

4. a Per, NGC 2451, IC 4665, IC 2391, IC 2602 and 
NGC 6475. 

The groups contain mostly clusters of similar age, though 
NGC 6475 appears a little out of place in group 4. For dis- 
play, groups 1 and 2 have been taken together, and are shown 
in Fig. [27] A couple of observations can be made from this com- 
posite HR diagram: 

- As was noted earlier, the Hyades and Praesepe data very 
closely overlap, and together form a very narrow sequence; 

- The Coma Ber and UMa main sequences also overlap 
closely, and are sub luminous with respect to Hyades and 
Praesepe; 

- NGC 7092 appears to follow Coma Ber and UMa for 0.1 < 
(B2- VI) < 0.3; 

- Increases in luminosity are observed for Hyades and 
Praesepe stars relative to Coma Ber and UMa for 
(B2-V1)<0.2; 

- Increases in luminosity are observed for Coma Ber and UMa 
stars relative to NGC 7092 for (B2 - VI) < 0.0; 

The third group contains three clusters which have been 
noted in the past as being very similar dSnowdenl 119751 ; 
Mermillio d et alj|2008l) . They share the same sequences in the 
HR diagram when their distance moduli are obtained from the 
Hipparcos parallaxes, as can be observed in Fig. [27] However, 
over the range 0.2 < (B2 - VI) < 0.65 the combined sequence 
of the group-3 clusters is shifted by about 0.4 magnitudes with 
respect to the group- 1 sequence, and by about 0.25 magnitudes 
with respect to the group-2 sequence. As current models pro- 
viding theoretical isochrones appear not to accommodate for 
such shifts in luminosity, except through extreme assumptions 
on chemical composition, distance modulus estimates based on 
isochrones and those based on parallaxes remain systematically 
discrepant for clusters of the first and third groups. However, 
it should also be realized that isoch rone calibration such as pre- 
sented by dPinsonneault et al.l2004l) is based only on the position 
of the Hyades main sequence, and does not include an empirical 
calibration of the age-dependent luminosity effects. These are 



1 http://www.univie.ac.at/webda/ 
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Fig. 27. The composite HR diagrams for groups 1 & 2 (left)and group 3 (right). Symbols on the left: Hyades, closed circles; Praesepe, 
open circles; UMa, closed triangles; Coma Ber, open triangles; NGC 7092, crosses. Symbols on the right: Pleiades, closed circles; 
Blanco 1, open circles; NGC 2516, crosses. 



assumed to be all already fully covered by the theoretical mod- 
els. The new result for the Pleiades, and its effective confirmation 
through NGC 25 1 6 and Blanco 1 , which both independently had 
been described to be very similar to the Pleiades, seem to show 
that this is probably not the case. The issue of the Pleiades dis- 
tance is still far from "la rgel y settled", as h as been claimed by 
iPinsonneault et al.1 d2004 and lAn et all (120071) . 

The clusters in group 4 are mostly young to very young, ex- 
cept for NGC 6475. In the region 0.15 < (B2 - VI) < 0.45 the 
sequence fits well with the Coma Ber and UMa sequence, and 
is offset by about 0.15 magnitudes from the group- 1 sequence 
(Fig. |28l . For values of (B2 - VI) < -0.1 the sequences of 
group 3 and 4 coincide. One complication with the group-4 se- 
quence is the lack of well-studied actual clusters. The sequence 
for a Per shows more variation than is observed for Pleiades, 
Hyades and Praesepe, while the clusters IC 2639 and IC 2602 
are relatively sparse. 

8.3. The Stromgren cq index for F-type stars 

The co index (ci correct ed for reddening ) in the Stromgren pho- 
tometry was shown by ICrawfordl (1 19751) to be related to lumi- 
nosity and surface gravity variations for F-type stars (see also 
Section IBTTT i. Variations in cq at a given value of /3 or b - y are 
given by Acq, i.e. cq relative to the calibration relation given in 



ICrawfordl d 19751) (see also Fig.[30j». This is the relation described 
in Section |5T| bv Eq.|24] It is further evaluated in the Appendix, 
Section [A] The difference in the Aco values for the Hyades and 
Praesepe with respect to, for example, the Pleiades, h as been 
attributed in the pas t to increa sed helium abundances dNissenl 
119881: lDobson|[T990T) (see also ICrawford & Barnesl ll969al). al- 
though isochrone fitting bv lAn et all (120071) seems to suggest that 
this is not the case. It has been known for nearly half a century 
and has been referred to in the past as the Hyades anomaly. It is 
most clearly observed in the (U - B) index, which is a measure 
of the Balmer jump for early-type stars. The significant differ- 
ence in the Geneva (U - B) index for the clusters in group 1 and 
group 3 can be seen in Fig. [29] The Stromgren co index is closely 
related to the (U - B) index. 

A comparison between the co versus b-y diagrams for clus- 
ters in the Pleiades and Hyades groups by Nissen ( 1988) showed 
that the systematic difference in cq values between those clusters 
is about 0.033 to 0.04. Following Eq. IA.7l this would correspond 
to an expected difference of 0.3 to 0.4 in absolute magnitude, 
which is close to what is observed in the HR diagram for F stars 
in these clusters when using the Hipparcos parallax-based dis- 
tance moduli. It is in this context also interesting to note that 
iNissenl (|T988) determined the difference between the true dis- 
tance moduli, i.e. corrected for the co effects, for the Pleiades 
and Hyades as 1 .96 (which would imply a distance of 1 14 pc for 
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Fig. 28. The composite diagram for clusters in group 4 (see text). 



the Pleiades), compared to 2.066 + 0.038 determined by means 
of th e Hipparcos da ta and 2.33 as derived from isochrone fit- 
ting (I An etalj|2007t) . In a wa y, by calibrating their isochrones 
on the Hyades main sequence, I An et alj d2007l) have turned the 
"Hyades anomaly" into a "Pleiades anomaly". An extensive dis- 
cussion on how the Hyades anomaly may be related to the dif- 
ferences in parallax and isoc hrone-based cluster dis tance deter- 
minations was presented by Mermillio d et al.l (I l997h . 

A systematic difference of 0.033 to 0.04 in cq values would 
indicate, following Eq. IA.10I a lower surface gravity for the 
Hyades F stars by approximately 0.1, but that is also the noise 
level on that calibration, i.e. the same \ogg values can be ob- 
served for Aci values that differ by 0.03 to 0.04. An explana- 
tion of the magnitude difference as due to metallicity variations 
would require an unrealistic, and also not observed, difference in 
the values for Ami of around 0.15. 

It is not clear why IStello & Nissenl d200ll) made n o refer- 
ence t o the co index differences, as discussed earlier by iNissenl 
( 1988), in their discussion on the Stromgren photometry and the 
Hipparcos parallax measurement for the Pleiades. From a purely 
observational point of view, a much smaller difference in ab- 
solute magnitudes between the Pleiades and Hyades stars (the 
result of a larger difference in distance moduli), as suggested by 
fits on theoretical isochrones, would be more difficult to explain, 
as this would contradict the general trend which can be clearly 
observed between the parameters AMy and Acq for F-type field 
stars (Fig. |A.3l l. A similar conclusion of internal observational 



consistency fo r the Hipparcos cluster parallaxes was reached by 
iGrenonl (|2002|) . based on comparisons of K stars in the Hyades, 
Pleiades and Praesepe clusters. 
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Fig. 29. The U - B versus B2 - V2 diagram in the Geneva 
photometry. The red dots represent data points in the Hyades 
and Praesepe clusters, the crosses for data from the Pleiades, 
Blanco 1 and NGC 2516. Some of the Pleiades points are off- 
set because of localised differential reddening in the cluster. The 
difference in loci for the two groups of clusters is known as the 
Hyades anomaly. 

The relations used here show significant noise levels, and 
their applications do not provide exact results, they are merely 
an indication of trends and provide estimates of the effects differ- 
ences in certain parameters may have. A comparison of F stars in 
the Hyades, Coma Ber and Pleiades clusters, for example, shows 
that the overall differences in c\ are in the same direction and at 
about the same amplitude as would be expected from the ob- 
served differences in the absolute magnitudes (Fig.[30l), but it is 
difficult to assess whether there is not only a qualitative, but also 
a full quantitative agreement. 

9. Space velocities 

For general reference, the positions and space velocities for all 
20 clusters and the individual UMa stars have been derived in 
galactic coordinates: 



(36) 
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where k = 4.74047 is the transformation factor for a proper mo- 
tion of "1 mas yr~' at 1 kpc" to "km s~'". The accumulated re- 
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Fig. 30. Comparison of the cy (top) and m\ (bottom) versus H/3 
relations for F stars in the Hyades (filled circles), Coma Ber 
(crosses) and the Pleiades (open circles). The calibration rela- 
tion from Crawford] d 19751) is shown by filled triangles. 
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Fig. 31. Distribution of the velocities of 20 clusters and 8 UMa 
stars within the galactic plane, compared with the velocity dis- 
tribution of A and F stars within 125 pc. The UMa stars form 
a small clump, and there are a few other coincidences in space 
velocity. The solar motion has not been subtracted. 

suits for the positions and space velocities are shown in Table Q 
The space velocitie s are compared with those of the A and F 
stars within 125 pc ( Ivan Leeuwenll2007al) in Fig. [3T1 

The most striking of velocity coincidences is between the 
Hyades and Praesepe, which, within the accuracy of the mea- 
surements, have identical u and v velocities. Considering that 



these two clusters are also very similar in photometric aspects, it 
seems reasonable to assume a common origin, which would then 
also explain their very similar age and chemical composition. 

There are no such striking coincidences between the UMa 
stars and Coma Ber, though both groups are somewhat anoma- 
lous in the distribution of velocities or positions. There is some 
similarity between the Pleiades and NGC 2516, but Blanco 1 
does not seem to fit. 

10. Conclusions 

The new reduction has eliminated problems in the Hipparcos as- 
trometric data that were caused by peculiarities in the satellite 
dynamics and an occasional potential weakness in connectivity 
betw een the two fields of view. These were also issues raised 
by jMakarovll2002l I2003L I2006I) . but these effects can not be 
eliminated at the intermediate-data level, as had been shown al- 
ready when the idea of such corrections was first presented by 
van Leeuwenl(ll999bl) . The new reduction dealt with these atti- 
tude problems there where they occurred (in the along-scan at- 
titude reconstruction process) rather than with the indirect and 
diffuse effects they had on great-circle abscissa residuals. The 
attitude reconstruction is the only place in which they can be 
(and now have been) identified and corrected for. With also the 
connectivity issue having been addressed and tested in the new 
reduction, the current set of cluster parallax and proper motion 
values should not only be more precise, but also more accurate. 

Differences between isochrone-fitting and parallax-based 
distance moduli for open clusters are not limited to the Pleiades, 
they are found to be systematic. The differences are observed 
between groups of clusters that show similar characteristics in 
for example the co and U - B indices for F-type stars, and could 
therefore be related to systematic surface gravity differences. A 
closer examination of field star data confirms that such variations 
are correlated to differences in absolute magnitudes, though not 
in a simple one-to-one relation. Differences are also observed 
between the Hyades and Praesepe group and Coma Ber and 
UMa, where none of the old "Hipparcos problems" ever ap- 
plied, as concentrations of stars in these clusters are not dense 
enough. The notion that the parallax values for all these clus- 
ters have to be wrong because they do not fit the results obtained 
by traditional main sequence fitting, or the distance measure- 
ment for a single bin ary star in the cluster, such as expressed by 
iTrimble et al.l |2006), gives the impression that reduced data has 
to confirm theoretical models to be acceptable as results, rather 
than that those data are judged upon the merits of the observa- 
tions they have been derived from, and the quality of the data 
reductions. The Pleiades story over the past ten years has shown 
a number of examples where poor results, sometimes even based 
on flawed methods, were accepted (and quoted) without reserva- 
tion, simply because they confirmed expectations. In this con- 
text it is worth while recalling a statement made by ICrawfordl 
(ll973l) in his Survey Lecture at the IAU General Assembly in 
1970: In many cases, theory can help us observers quite a lot. 
We would be lost, or at least inefficient, without theory to guide 
us. However, we must be extremely careful not to force-fit or to 
let pre-conceived ideas mess us up. We are measuring observed 
parameters, and these we relate, or calibrate, to physical param- 
eters. 
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km s" 1 




Hyades 


179.1 


-21.9 


-43.1 


0.7 


-17.3 


-41.1+0.9 


-19.2 ±0.2 


-1.4 ±0.4 


Coma Ber 


221.8 


83.8 


-7.0 


-6.3 


86.2 


-2.3 + 0.1 


-5.4 ±0.1 


-1.8 ± 1.0 


Pleiades 


166.4 


-23.7 


-107.0 


25.9 


-48.3 


-6.7 + 0.9 


-25.0 ± 0.5 


-12.8 ±0.5 


Praesepe 


205.8 


32.4 


-138.4 


-67.0 


97.6 


-41.5+0.9 


-19.8 ±0.5 


-9.7 ± 1.1 


a Per 


147.8 


-6.1 


-145.1 


91.3 


-18.2 


-12.7 + 0.9 


-24.6 ± 0.7 


-7.0 ±0.2 


IC 2391 


270.4 


-6.9 


0.9 


-143.9 


-17.5 


-22.7 ± 0.5 


-18.5 ± 1.0 


-6.3 ±0.3 


IC 2602 


289.4 


-5.0 


49.2 


-139.6 


-13.0 


-8.2 + 0.4 


-19.9 ±0.9 


-0.3 ±0.2 


Blanco 1 


14.1 


-79.3 


37.4 


9.4 


-203.4 


-17.7 ± 1.1 


-6.7 ±0.5 


-7.1 ± 1.0 


NGC 2451 


252.5 


-7.7 


-54.8 


-173.4 


-24.6 


-26.0 ± 0.6 


-13.0 ± 1.0 


-12.6 ±0.3 


NGC 6475 


355.8 


-4.5 


268.7 


-19.6 


-21.0 


-14.8 + 1.0 


-3.1 ±0.3 


-4.4 ± 0.3 


NGC 7092 


92.4 


-2.2 


-12.4 


302.5 


-11.9 


28.7 + 1.7 


-6.9 ± 1.0 


-13.2 ±0.8 


NGC 2516 


273.7 


-15.9 


21.5 


-328.7 


-93.7 


-18.8 ±0.7 


-23.9 ± 1.0 


-3.4 ±0.3 


NGC 2232 


214.4 


-7.4 


-288.0 


-197.4 


-45.6 


-14.0 ±0.8 


-9.1 ±0.6 


-12.6 ±0.7 


IC 4665 


30.6 


16.8 


293.1 


173.5 


103.0 


-2.8 ± 1.1 


-16.9 ± 1.2 


-8.5 ±0.7 


NGC 6633 


36.0 


8.7 


299.4 


217.8 


56.6 


-22.3 ±0.9 


-17.5 ±0.7 


-6.9 ±0.6 


Coll 140 


245.1 


-7.8 


-156.8 


-337.9 


-51.0 


-22.2 ± 0.7 


-18.1 ±0.9 


-12.2 ±0.5 


Trump 10 


262.7 


0.5 


-49.2 


-384.4 


3.3 


-27.1 ± 1.5 


-21.8 ± 1.0 


-9.8 ±0.7 


NGC 2422 


231.0 


3.0 


-249.2 


-308.1 


21.0 


-29.2 ±0.8 


-24.2 ± 0.9 


-8.3 ±0.9 


NGC 3532 


289.6 


1.4 


137.9 


-387.6 


10.2 


-19.3 ±2.1 


-10.4 ± 1.2 


0.9 ± 0.5 


NGC 2547 


264.4 


-8.6 


-45.4 


-466.4 


-71.0 


-20.2 ± 1.6 


-10.4 ± 1.0 


-14.8 ± 1.1 


HIP 51814 


152.2 


51.6 


-14.6 


7.7 


20.8 


12.5 ±0.6 


3.2 ±0.3 


-5.7 ±0.8 


HIP 53910 


149.1 


54.8 


-12.1 


7.2 


20.0 


13.5 ±0.5 


2.9 ±0.3 


-7.5 ±0.8 


HIP 58001 


140.8 


61.4 


-9.5 


7.7 


22.4 


15.6 ±0.4 


2.9 ±0.3 


-8.8 ±0.9 


HIP 59774 


132.5 


59.5 


-8.5 


9.2 


21.3 


14.9 ±0.3 


1.5 ±0.4 


-10.3 ±0.9 


HIP 62956 


122.2 


61.1 


-6.5 


10.3 


22.2 


14.1 ±0.3 


2.8 ± 0.4 


-7.8 ±0.9 


HIP 63503 


120.3 


60.7 


-6.3 


10.8 


22.2 


13.1 ±0.3 


3.3 ±0.4 


-9.1 ±0.9 


HIP 64532 


116.8 


60.2 


-5.7 


11.2 


21.9 


14.1 ±0.3 


2.3 ±0.5 


-7.8 ±0.9 


HIP 65477 


112.8 


61.5 


-4.6 


11.0 


22.0 


14.1 ±0.2 


3.3 ±0.4 


-8.8 ±0.9 



The 8 HIP numbers are all UMa members, treated on an individual basis. 

The errors on the space velocities are in some cases uncertain as a result of uncertainty in the radial velocity accuracy. 



Appendix A: Provisional (re-)calibration of 
Stromgren indices 

The currently available volume of information available on F 
stars (parallaxes, photometric and spectroscopic data), allows for 
a much more detailed calibration of the Stromgren photomet- 
ric indices with absolute magnitudes, metallicities, and spectro- 
scopically determined effective temperatures and surface grav- 
ity values. Presented here are the provisional results of a more 
extensive study currently in preparation. It has been included 
here in order to see how the observed systematic differences in 
colour indices and absolute magnitudes can be related to phys- 
ical parameters as calibrated from nearby field stars. The pho- 
tometric data have been ext r acted from the ubvy/3 catalogue by 
lHauck&Merrnilliodl(ll997lll998l). The spectrosc opic data has 
been extracted from lCavrel de Strobel et al.l (120011) . For this ex- 
ploratory exercize the data for multiple entries in the latter cat- 
alogue were simply averaged. The facilities of the Viziefl web 
page were used to extract samples of F stars, which were later 
further "cleaned" from luminosity class I and II stars and bi- 
naries. Only data with Hipparcos parallax determinations better 
than 10 per cent were kept, and all stars fainter than apparent 
magnitude about 10 were left out. This criterion is only approx- 
imate, as close to the limit a specific star may be fainter in one 
catalogue, and still just bright enough in another. 

The first calibration done was a more de tailed repeat of 
the luminosity calibrations of dCrawfordl 1 1 9751) . This involved 
two linked calibrations, namely between absolute v magnitude 



X 



x "•>: s \;„ ' : 

X 



http://webviz.u-strasbg.fr/viz-bin/VizieR 



2.7 2.65 2.6 

H/S 

Fig.A.l. The relation between H/3 and c\ in the Stromgren 
system for nearby F type stars with parallax errors below 
10 per cent. The curved lines of black dots represent from bot- 
tom to top the calibration relation at Av values of 1.2, 0.2, -0.8 
and -1.8 magnitudes. T he crosses show the calibration relation 
determined and used by ICrawfordl ( I 1 9751) . 



(in what follows, v is always assumed to be corrected for the 
parallax-based distance modulus) and b - y, which determined 
dv values, and between the observed values of c\ and FJjS as a 
function of dv. The iterations use what is observed in the data, 
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2.7 2.65 2.6 

Fig.A.2. The relation between H/3 and mi for nearby F dwarfs 
with parallax accuracies better than 10 per cent. The line repre- 
sents t he definition of the lower envelope position by ICrawforJ 
(119751) . 

and was also implemented by Crawford, that stars occupying the 
lower boundary in the v versus b - y diagram also occupy the 
lower envelope in the c\ versus H/3 diagram. Thus, the follow- 
ing relations were obtained, using only stars with Aci values less 
than 0.02: 

vo(b-y) = (3.891+0.010) 

+ (10.66 ± 0.22) (b-y- 0.32), (A.l) 

where the standard deviation was found to be 0.27 magnitudes. 
The range in b-y covered is 0.21 to 0.43. The values of Aci were 
determined relative to the following calibrated relation, where 
d/3 = (H/3 - 2.64) • 10 (d/3 thus ranges from -0.5 to +0.8), and 
Av = v- v (b-y) + 0.75: 

Cl = (0.4370 + 0.0007) + (-0.049 + 0.010) Av 

+ (0.2205 ± 0.0029) d/3 + (-0.032 ± 0.003) Av d/3 

+ (0.086 + 0.007) d/3 2 + (-0.029 + 0.007) AvdyS 2 

+ (0.060 ±0.013) d/3 3 , (A.2) 

with a standard deviation of 0.029 magnitudes. This relation is 
shown in Fig. lA.ll for four different values of Av superimposed 
on the actual data points. The lower curve, for Av = 1.2, serves 
as the reference values c;(r) for calculating the Ac\ values 

(A.3) 

and Ac; = c\ - c\(r). 

For deter mining the Ami values the reference function as 
presented by Crawford (1 19751) is used, which accurately fits a 
second-order polynomial 

mi(r) = 0.1826 -0.0550 d/3 + 0.0607 d/3 2 , (A.4) 

where the standard deviation with respect to the discrete points 
defined by Crawford is 0.0005 magnitudes (Fig. IA.21 I. As was 
done above for Aci, we define Ami = m\ - m\(r). Contrary the 
situation for Aci, there is no easily recognized relation between 
Ami and the absolute magnitude differences dv. 

For completeness also the relation between b-y, Aci, Ami 
and H/3 has been derived: 

b-y = (0.3376 ±0.0005) + (-0.1695 ±0.0013) d/3 

+ (0.0446 + 0.0021) d/3 2 + (-0.0506 ± 0.0048) Ac, 

+ (-0.589 ± 0.012) Ami + (0.453 + 0.036) Ami d/3, (A.5) 



ci(r) = 0.3782 + 0.1833 d/3 + 0.0512 d/3 2 + 0.060 d/3 3 



2.7 2.65 2.6 

Fig. A.3. Calibration of Av. The four lines of black dots show 
(from bottom to top) the calibration relation for values of Aci = 
-0.02, 0.04, 0.10, 0.16, and Ami = 0.015. 

with a standard deviation of 0.014 magnitudes. To compare with 
Crawford's original calibration, which was expressed in 5/3 = 
2.72 — J3, the following equivalent relation is obtained: 

b-y = (0.231 ±0.001) + (0.981 ±0.028) 6/3 

+ (4.46 ± 0.21) 5/3 1 + (-0.0506 ± 0.0048) Aci 

+ (-0.227 ± 0.035) Ami + (-4.53 ± 0.36) Ami 5/3. (A.6) 

The main differences with respect to Crawford's original cali- 
bration are in the higher order terms, which are less well deter- 
mined for the much smaller volume of data that was available to 
Crawford at the time of the calibration. 

The calibration in terms of absolute magnitudes has been 
done for Av as a function of d/3, Aci and Ami: 

Av = (-0.085 ±0.014) + (-0.053 ±0.029) d/3 
+ (-9.66 ± 0.17) Acj +(7.42 ±0.41) d/3 Ac x 
+ (0.201 ±0.55) d/3 2 + (2 A3 ±0.31) Ami, (A.7) 

with a standard deviation of 0.34 magnitudes. Important here is 
that we are now able to recognize the effect of variation in the 
metallicity index Ami on the absolute magnitudes. The calibra- 
tion relation is shown in Fig. [A3] 

Spectroscopic data for 27 1 F dwarfs with ubv y(3 photometry 
were selected from lCavrel de Strobel et all (12001 1) . For each star 
also spectroscopically determined effective temperatures and 
surface gravity values are provided, allowing for a direct com- 
parison between these physical parameters and the Stromgren 
indices. The first of those relations is between d/3 and the Teff: 

Teff = (6294 ±4) + (861 ± 16) d/3 K, (A.8) 

with a dispersion of 69 K. Thus, the stars examined here would 
range in temperature from 5862 ± 9 to 6983 ± 13 K. 

The situation for the calibration of Ami as a function of Fe /H 
is less simple due to the dependence on H/3 and the uneven dis- 
tribution and relatively small number of calibration points. The 
relation used in the final fit is as follows 

Fe/H = (0.179 ±0.012) + (-0.1 19 ± 0.038) dyS 

+ (-11.21 ±0.38)Am! +(-3.37± 1.05)AmidyS, (A.9) 

with a standard deviation of 0.10. The data and the calibra- 
tion are shown in Fig. IA.4I These results are in general a gree- 



ment with similar calibrations presented bv lCrawfordl (1 1 9751) and 
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0.05 0.1 

Ami 

Fig.A.4. The relation between Am t and Fe/H for 271 F stars. 
The calibration for H/3 = 2.60, 2.65, 2.70 is shown by the diag- 
onal lines, with the lowest value of H/3 as the top line. 
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Fig.A.5. The relation between Acj and \ogg for 271 F stars of 
luminosity types III, IV and V. The diagonal line is the calibra- 
tion curve. 

Gustafsson & Nissen] d 1972b . The final calibration concerns the 
surface gravity logg as a function of Aci. There is a generally 
well-defined relation: 

logg = (4.294 + 0.010) + (-2.91 +0.14) Ac u (A.10) 

with a standard deviation of 0.10. It is noted, however, that for 
the later-type stars more data points are found with significant 
disagreement between the logg and Aci values. The data and 
the calibration are shown in Fig. IA.5I 

In general, when applying any of the above relations the stan- 
dard deviation of the fit should be used as a measure of the un- 
certainty in the result obtained. 
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